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Abstract	  The	  aim	  of	  this	  project	  is	  to	  investigate	  the	  stability	  of	  cut	  slopes	  in	  stiff	  clay.	  	  The	  findings	  are	  subsequently	   applied	   to	   model	   stabilisation	   with	   piles,	   used	   to	   remediate	   failure	   of	   existing	  slopes	   and	   stabilise	   potentially	   unstable	   slopes	   created	   by	  widening	   transport	   corridors.	   Stiff	  clay	  is	  a	  strain	  softening	  material,	  meaning	  that	  soil	  strength	  reduces	  as	  the	  material	  is	  strained,	  for	   example	   in	   the	   formation	   of	   a	   slip	   surface.	   In	   an	   excavated	   slope	   this	   can	   lead	   to	   a	  progressive,	   brittle	   slope	   failure.	   Simulation	   of	   strain	   softening	   behaviour	   is	   therefore	   an	  important	  aspect	  to	  model.	  The	  interaction	  of	  piles	  and	  stiff	  clay	  cut	  slopes	  is	  investigated	  using	  the	  Imperial	  College	  Geotechnics	  section’s	  finite	  element	  program	  ICFEP.	  	  	  In	  designing	   a	   suitable	   layout	  of	   the	   finite	   element	  mesh,	   preliminary	   analyses	   found	   the	   two	  existing	   local	   strain	   softening	   models	   to	   be	   very	   dependent	   on	   the	   size	   and	   arrangement	   of	  elements.	  To	  mitigate	  this	  shortcoming,	  a	  nonlocal	  strain	  softening	  model	  was	  implemented	  in	  ICFEP.	  This	  model	  controls	  the	  development	  of	  strain	  by	  relating	  the	  surrounding	  strains	  to	  the	  calculation	  of	  strain	  at	   that	  point,	  using	  a	  weighting	   function.	  Three	  variations	  of	   the	  nonlocal	  formulation	  are	  evaluated	  in	  terms	  of	  their	  mesh	  dependence.	  A	  parametric	  study	  with	  simple	  shear	  and	  biaxial	  compression	  analyses	  evaluated	  the	  new	  parameters	  required	  by	  the	  nonlocal	  strain	   softening	  model.	   The	   nonlocal	   results	   demonstrated	   very	   low	  mesh	   dependence	   and	   a	  clear	  improvement	  on	  the	  local	  strain	  softening	  models.	  	  In	   order	   to	   examine	   the	   mesh	   dependence	   of	   the	   new	   model	   in	   a	   boundary	   value	   problem	  compared	   to	   the	   local	   strain	   softening	  approach,	   excavated	   slope	  analyses	  without	  piles	  were	  first	   performed.	   The	   slope	   was	   modelled	   in	   plane	   strain	   with	   coupled	   consolidation.	   These	  analyses	  also	   investigated	  other	   factors	  such	  as	   the	   impact	  of	  adopting	  a	  small	  strain	  stiffness	  material	   model	   on	   the	   development	   of	   the	   failure	   mechanism	   and	   the	   impact	   of	   the	   spatial	  variation	   of	   permeability	   on	   the	   time	   to	   failure.	   The	   final	   set	   of	   analyses	   constructed	   vertical	  stabilisation	   piles	   in	   the	   excavated	   slope,	   represented	   as	   either	   solid	   elements	   or	   one	  dimensional	   beam	   elements.	   The	   development	   of	   various	   failure	   mechanisms	   for	   stiff	   clay	  cuttings	  was	  found	  to	  be	  dependent	  on	  pile	  location,	  pile	  diameter	  and	  pile	  length.	  This	  project	  provides	   an	   insight	   into	   the	   constitutive	   model	   and	   boundary	   conditions	   required	   to	   study	  stabilisation	  piles	  in	  a	  stiff	  clay	  cutting.	  The	  nonlocal	  model	  performed	  very	  well	  to	  reduce	  mesh	  dependence,	   confirming	   the	   biaxial	   compression	   results.	   	   However,	   the	   use	   of	   coupled	  consolidation	  was	  found	  to	  cause	  further	  mesh	  dependence	  of	  the	  results.	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  displacement	  .........................................................	  230	  
Figure	  4.39	  Illustrating	  the	  sensitivity	  of	  the	  over-­‐nonlocal	  method	  to	  a	  combination	  of	  fine	  mesh	  
and	  a	  large	  alpha	  parameter,	  for	  undrained	  biaxial	  compression	  analyses,	  DL=0.1m	  and	  
RI=0.4m	  ...................................................................................................................................................................	  231	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Figure	  4.40	  Boundary	  conditions	  for	  two	  full	  biaxial	  compression	  analyses	  and	  one	  quarter	  
representation	  of	  the	  biaxial	  compression.	  .............................................................................................	  233	  
Figure	  4.41	  A	  comparison	  of	  load	  reaction	  to	  imposed	  vertical	  displacement	  for	  analyses	  with	  a	  full	  
biaxial	  compression	  and	  a	  quarter	  of	  biaxial	  compression	  using	  two	  lines	  of	  symmetry.	  
Employing	  meshes	  with	  three	  element	  sizes,	  undrained	  conditions	  and	  nonlocal	  strain	  
softening	  with	  a	  DL=0.1m	  and	  RI=0.3m	  ...................................................................................................	  234	  
Figure	  4.42	  Comparison	  of	  	  full	  (with	  tied	  displacement	  degrees	  of	  freedom)	  and	  one	  quarter	  of	  an	  
undrained	  biaxial	  compression	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  
method	  (DL=0.1,	  RI=0.3)	  for	  one	  of	  three	  meshes	  employed,	  with	  element	  sizes	  for	  this	  
mesh	  0.1m.	  	  After	  0.04m	  imposed	  vertical	  displacement:	  accumulated	  displacement	  vectors	  
(a)	  Full	  problem	  with	  tied	  degrees	  of	  freedom	  (b)	  quarter	  of	  problem,	  Accumulated	  
displaced	  mesh	  shape	  (c)	  Full	  problem	  with	  tied	  degrees	  of	  freedom	  (d)	  quarter	  of	  problem.
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Figure	  4.43	  Strain	  distribution	  for	  a	  cross	  section	  of	  the	  biaxial	  compression	  analyses	  to	  
demonstrate	  the	  development	  of	  slip	  surfaces	  after	  0.04m	  vertical	  displacement.	  	  
Employing	  meshes	  with	  three	  element	  sizes,	  nonlocal	  strain	  softening	  model	  with	  a	  
DL=0.1m	  and	  RI=0.3m,	  showing	  quarter	  and	  full	  tied	  degree	  of	  freedom	  results	  .................	  237	  
Figure	  4.44	  Full	  Biaxial	  Compression	  analyses	  for	  a	  1m	  x	  2m	  mesh	  of	  different	  discretisations	  for	  
three	  strain	  softening	  models	  (a)	  showing	  all	  the	  models	  (b)	  Local	  percentage	  strain,	  (c)	  
Nonlocal	  G&S	  and	  (d)	  Local	  displacement.	  Legends	  display:	  size	  mesh,	  number	  of	  elements,	  
boundary	  conditions	  and	  strain	  softening	  model	  .................................................................................	  239	  
Figure	  4.45	  Development	  of	  slip	  surfaces	  for	  2	  to	  1	  aspect	  ratio	  mesh,	  accumulated	  plastic	  
deviatoric	  strain	  contours	  after	  0.04m	  imposed	  vertical	  displacement	  on	  top	  and	  bottom	  of	  
sample.	  Mesh	  2m	  vertical	  	  by	  1m	  horizontal.	  .........................................................................................	  242	  
Figure	  4.46	  Development	  of	  slip	  surfaces	  for	  a	  1	  by	  2	  aspect	  ratio	  mesh	  with	  zero	  horizontal	  
displacement	  on	  both	  horizontal	  boundaries.	  	  Two	  analyses	  employing	  a	  10x20	  element	  
mesh	  with	  two	  strain	  softening	  models	  (a)	  and	  (c)	  accumulated	  local	  plastic	  strain	  
contours	  (5%,10%,15%,20%)	  (b)	  and	  (d)accumulated	  displacement	  vectors	  ......................	  243	  
Figure	  4.47	  Boundary	  Conditions	  and	  Geometry	  representing	  half	  of	  biaxial	  compression	  problem	  
for	  analyses	  by	  Galavi	  &	  Schweiger	  (2010)	  .............................................................................................	  243	  
Figure	  4.48	  Development	  of	  slip	  surfaces	  for	  2	  to	  1	  aspect	  ratio	  mesh,	  with	  central	  seeding	  of	  the	  
analysis.	  Accumulated	  plastic	  deviatoric	  strain	  contours	  after	  0.04m	  imposed	  vertical	  
displacement	  on	  top	  and	  bottom	  of	  sample.	  Mesh	  2m	  vertical	  by	  1m	  horizontal.	  ................	  246	  
Figure	  4.49	  Full	  Biaxial	  Compression	  analyses	  with	  seeding	  for	  a	  1m	  x	  2m	  mesh	  of	  different	  
discretisations	  for	  three	  strain	  softening	  models	  (a)	  all	  the	  models	  (b)	  Local	  percentage	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strain,	  (c)	  Nonlocal	  G&S	  and	  (d)	  Local	  displacement.	  Legends	  display:	  size	  mesh,	  number	  of	  
elements,	  boundary	  conditions	  and	  strain	  softening	  model	  ............................................................	  247	  
Figure	  4.50	  Comparing	  seeded	  and	  unseeded	  analyses,	  Full	  Biaxial	  Compression	  analyses	  for	  a	  1m	  
x	  2m	  mesh	  of	  different	  discretisations	  for	  three	  strain	  softening	  models	  (a)	  all	  models	  (b)	  
Local	  percentage	  strain,	  (c)	  Nonlocal	  G&S	  (d)	  Local	  displacement.	  Legends	  display:	  size	  
mesh,	  no.	  of	  elements,	  boundary	  conditions	  and	  model.	  ...................................................................	  248	  
Figure	  5.1	  Effect	  on	  results	  of	  varying	  the	  Radius	  of	  Influence,	  RI.	  Undrained	  analyses	  with	  a	  
defined	  length,	  DL	  =	  0.1	  for	  a	  10x10	  elements	  mesh.	  (a)	  Load	  vs.	  displacement	  graph	  	  (b)	  
Strain	  Distribution	  for	  the	  central	  portion	  of	  a	  top	  left	  to	  bottom	  right	  cross	  section	  after	  
0.04m	  applied	  vertical	  displacement.	  ........................................................................................................	  253	  
Figure	  5.2	  Effect	  on	  results	  of	  varying	  the	  Radius	  of	  Influence,	  RI.	  Undrained	  analyses	  with	  a	  
defined	  length,	  DL	  =	  0.1	  for	  a	  20x20	  elements	  mesh.	  (a)	  Load	  vs.	  displacement	  graph	  	  (b)	  
Strain	  Distribution	  for	  the	  central	  portion	  of	  a	  top	  left	  to	  bottom	  right	  cross	  section	  after	  
0.04m	  applied	  vertical	  displacement.	  ........................................................................................................	  254	  
Figure	  5.3	  Effect	  on	  results	  of	  varying	  the	  Radius	  of	  Influence,	  RI.	  Undrained	  analyses	  with	  a	  
defined	  length,	  DL	  =0.2	  for	  a	  10x10	  elements	  mesh.	  (a)	  Load	  vs.	  displacement	  graph	  	  (b)	  
Strain	  Distribution	  for	  the	  central	  portion	  of	  a	  top	  left	  to	  bottom	  right	  cross	  section	  after	  
0.04m	  applied	  vertical	  displacement.	  Ratio	  represents	  ‘DL:RI’	  ......................................................	  255	  
Figure	  5.4	  Effect	  on	  results	  of	  varying	  the	  Radius	  of	  Influence,	  RI.	  Drained	  analyses	  with	  a	  defined	  
length,	  DL	  =	  0.1	  for	  a	  20x20	  elements	  mesh.	  (a)	  Load	  vs.	  displacement	  graph	  	  (b)	  Strain	  
Distribution	  for	  the	  central	  portion	  of	  a	  top	  left	  to	  bottom	  right	  cross	  section	  after	  0.04m	  
applied	  vertical	  displacement.	  ......................................................................................................................	  256	  
Figure	  5.5	  Time	  saving	  potential	  of	  Radius	  of	  Influence	  for	  analyses	  varying	  the	  radius	  of	  influence.	  
When	  RI=0,	  no	  radius	  of	  influence	  is	  employed	  by	  the	  analysis	  and	  all	  elements	  are	  
included.	  (a)	  undrained	  10x10	  mesh,	  DL=0.1m	  (b)	  undrained	  20x20	  mesh,	  DL=0.1m	  (c)	  
undrained	  10x10	  mesh,	  DL=0.2m	  (d)	  drained	  20x20	  mesh,	  DL=0.1.	  ...........................................	  257	  
Figure	  5.6	  The	  effect	  of	  varying	  the	  defined	  length	  parameter,	  DL	  for	  undrained	  analyses,	  
employing	  three	  meshes	  of	  varying	  discretisations.	  	  The	  ratio	  compares	  ‘element	  size	  :	  
defined	  length,	  DL’.	  .............................................................................................................................................	  260	  
Figure	  5.7	  The	  effect	  of	  varying	  the	  defined	  length	  parameter,	  DL	  for	  drained	  analyses	  with	  φ’	  
softening,	  employing	  three	  meshes	  of	  varying	  discretisations.	  	  The	  ratio	  compares	  ‘element	  
size	  :	  defined	  length,	  DL’.	  .................................................................................................................................	  261	  
Figure	  5.8	  Reaction	  load	  vs.	  displacement	  graphs	  presented	  by	  the	  defined	  length,	  DL	  of	  the	  effect	  
of	  varying	  the	  parameter,	  DL	  for	  drained	  analyses	  with	  φ’	  softening,	  employing	  three	  
meshes	  of	  varying	  discretisations.	  	  The	  ratio	  compares	  ‘element	  size:	  defined	  length,	  DL’.
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Figure	  5.9	  The	  effect	  of	  varying	  DL	  on	  the	  strain	  distribution	  for	  a	  diagonal	  cross	  section.	  	  For	  
drained	  analyses	  with	  φ’	  softening	  after	  0.04m	  applied	  vertical	  displacement,	  employing	  
three	  1m	  x	  1m	  meshes	  of	  varying	  discretisations	  identified	  by	  line	  type;	  solid:	  10x10,	  dash:	  
20x20,	  dot:	  40x40.	  ..............................................................................................................................................	  266	  
Figure	  5.10	  Presentation	  by	  the	  ratio	  of	  element	  size	  to	  DL	  of	  the	  effects	  of	  varying	  the	  nonlocal	  
parameter,	  DL	  on	  the	  strain	  distribution	  for	  a	  diagonal	  cross	  section	  after	  0.04m	  imposed	  
vertical	  displacement.	  	  For	  drained	  analyses	  with	  φ’	  softening	  employing	  three	  1m	  by	  1m	  
meshes	  of	  varying	  discretisations.	  ...............................................................................................................	  267	  
Figure	  5.11	  Presentation	  by	  mesh	  discretisation	  of	  the	  effect	  of	  varying	  the	  parameter	  DL	  on	  the	  
strain	  distribution	  of	  a	  diagonal	  cross	  section	  after	  0.04m	  imposed	  vertical	  displacement.	  	  
For	  drained	  analyses	  with	  φ’	  softening	  employing	  three	  1m	  by	  1m	  meshes.	  	  The	  ratio	  
compares	  element	  size:	  defined	  length,	  DL.	  ............................................................................................	  268	  
Figure	  5.12	  The	  effects	  of	  associated	  material	  strength,	  Drained	  Analyses	  with	  φ’	  and	  ψ	  softening	  
Nonlocal	  Parameters:	  DL=0.1	  and	  RI	  =0.4	  (a)	  Load	  vs.	  displacement	  graph	  	  (b)	  Strain	  
Distribution	  for	  the	  central	  portion	  of	  a	  top	  left	  to	  bottom	  right	  cross	  section	  after	  0.04m	  
applied	  vertical	  displacement.	  ......................................................................................................................	  271	  
Figure	  5.13	  The	  effects	  of	  softening	  rate	  for	  undrained	  analyses.	  	  Analyses	  are	  for	  three	  mesh	  
discretisations	  with	  a	  DL	  twice	  the	  size	  of	  the	  elements	  and	  the	  strain	  at	  which	  residual	  
material	  strength	  is	  reached,	  εr,	  is	  varied.	  RI	  is	  three	  multiples	  of	  DL.	  ......................................	  273	  
Figure	  5.14	  The	  effects	  of	  softening	  rate	  for	  drained	  analyses	  with	  φ’	  softening.	  	  Analyses	  are	  for	  
three	  mesh	  discretisations	  with	  a	  DL	  twice	  the	  size	  of	  the	  elements	  and	  the	  strain	  at	  which	  
residual	  material	  strength	  is	  reached,	  εr,	  is	  varied.	  RI	  is	  three	  multiples	  of	  DL.	  ....................	  274	  
Figure	  5.15	  Effect	  of	  combined	  defined	  length	  and	  rate	  of	  softening	  (strain	  at	  which	  residual	  
strength	  is	  reached)	  for	  undrained	  analyses.	  Analyses	  are	  for	  three	  mesh	  discretisations	  
with	  a	  DL	  twice	  the	  size	  of	  the	  elements	  and	  the	  strain	  at	  which	  residual	  material	  strength	  
is	  reached,	  εr,	  is	  varied.	  RI	  is	  three	  multiples	  of	  DL.	  ............................................................................	  276	  
Figure	  5.16	  Effect	  of	  combined	  defined	  length	  and	  rate	  of	  softening	  (strain	  at	  which	  residual	  
strength	  is	  reached)	  for	  drained	  analyses.	  Analyses	  are	  for	  three	  mesh	  discretisations	  with	  
a	  DL	  twice	  the	  size	  of	  the	  elements	  and	  the	  strain	  at	  which	  residual	  material	  strength	  is	  
reached,	  εr,	  is	  varied.	  RI	  is	  three	  multiples	  of	  DL.	  .................................................................................	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Figure	  5.17	  The	  effects	  of	  softening	  rate	  on	  strain	  distribution	  for	  drained	  analyses	  with	  φ’	  
softening.	  	  Analyses	  are	  for	  three	  1m	  by	  1m	  meshes	  with	  element	  configurations	  (a)	  10x10	  
(b)	  20x20	  (c)	  40x40.	  	  The	  DL	  is	  twice	  the	  size	  of	  the	  mesh	  elements,	  εp=0%	  and	  εr	  is	  varied.	  	  
RI	  is	  three	  multiples	  of	  DL.	  ..............................................................................................................................	  278	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Figure	  5.18	  Incremental	  strain	  contours	  to	  explain	  peaks	  on	  the	  peak	  plateau	  shown	  in	  the	  
reaction	  load	  versus	  displacement	  graphs	  in	  Figure	  5.19,	  for	  the	  analysis	  with	  peak	  strain	  
limit	  of	  10%	  and	  residual	  of	  25%	  ................................................................................................................	  281	  
Figure	  5.19	  The	  effects	  of	  varying	  the	  specified	  strain	  softening	  limits	  for	  peak	  and	  residual	  soil	  
strength	  on	  the	  load	  vs.	  displacement	  graph	  for	  drained,	  φ’	  only	  softening	  with	  inset	  to	  
illustrate	  the	  specified	  soil	  strength	  limits	  for	  each	  analysis.	  Analyses	  employed	  a	  DL=0.2m,	  
RI=0.6m	  and	  10x10	  mesh	  ................................................................................................................................	  282	  
Figure	  5.20	  The	  effects	  of	  varying	  the	  strain	  softening	  limits	  for	  peak	  and	  residual	  soil	  strength.	  	  
Analyses	  employed	  a	  DL=0.2m,	  RI=0.6m	  and	  10x10	  mesh	  and	  are	  presented	  by	  (a)	  Peak	  
Strain	  Limit	  0%	  (b)	  Residual	  Strain	  Limit	  15%	  (c)	  Peak	  Strain	  Limit	  5%	  (d)	  Strain	  
Softening	  Range	  (εp	  –	  εr)	  of	  15%	  ..................................................................................................................	  283	  
Figure	  5.21	  The	  effects	  of	  varying	  the	  strain	  softening	  limits	  for	  peak	  and	  residual	  soil	  strength	  on	  
the	  strain	  distribution	  for	  a	  cross	  section	  after	  0.09m	  imposed	  vertical	  displacement.	  	  
Drained	  analyses	  with	  φ’	  only	  softening,	  DL=0.2m,	  RI=0.6m	  and	  the	  10x10	  element	  mesh	  
(a)	  all	  analyses	  (b)	  constant	  εp	  (c)	  constant	  εr	  -­‐	  εp	  ...............................................................................	  284	  
Figure	  5.22	  Investigating	  the	  influence	  of	  c’	  softening	  in	  analyses	  with	  a	  focus	  on	  the	  effects	  of	  
varying	  peak	  and	  residual	  c’	  strength.	  For	  drained	  analyses	  with	  φ’	  softening	  unchanged	  
for	  all	  analyses	  and	  employing	  a	  10x10	  mesh	  with	  DL=0.2m	  and	  RI=0.6m.	  ............................	  286	  
Figure	  5.23	  Investigating	  the	  influence	  of	  peak	  and	  residual	  c’	  strength	  on	  strain	  distribution	  over	  
a	  cross	  section	  of	  biaxial	  compression	  analyses.	  	  For	  drained	  analyses	  with	  φ’	  peak	  and	  
residual	  values	  unchanged	  and	  employing	  a	  10x10	  mesh	  with	  DL=0.2m	  and	  RI=0.6m.	  ....	  287	  
Figure	  5.24	  The	  effects	  of	  a	  variation	  of	  elastic	  stiffness	  modulus,	  E	  for	  biaxial	  compression	  
analyses	  with	  nonlocal	  strain	  softening	  model,	  DL=0.2m,	  RI=0.6m.	  For	  a	  φ’	  only	  softening	  
analysis	  with	  5%	  and	  20%	  softening	  limits.	  Employing	  a	  1m	  by	  1m	  quarter	  of	  biaxial	  
compression	  mesh	  with	  10x10	  elements.	  (b)	  after	  0.12m	  imposed	  vertical	  displacement.289	  
Figure	  5.25	  Index	  of	  meshes	  for	  excavated	  slope	  analyses,	  arranged	  by	  mesh	  layout	  and	  element	  
width.	  	  Measurements	  are	  specified	  for	  elements	  beneath	  excavated	  slope	  area.	  	  The	  area	  
to	  be	  excavated	  is	  shaded	  grey.	  	  Slopes	  are	  10m	  high	  with	  a	  1	  in	  3	  (vertical	  to	  horizontal)	  
gradient.	  .................................................................................................................................................................	  294	  
Figure	  5.26	  Change	  in	  horizontal	  displacement	  with	  time	  for	  cutting	  analyses	  employing	  the	  local	  
displacement	  strain	  softening	  model,	  London	  clay	  soil	  properties	  and	  various	  meshes.	  ....	  295	  
Figure	  5.27	  Change	  in	  horizontal	  displacement	  with	  time	  for	  cutting	  analyses	  employing	  the	  
nonlocal	  strain	  softening	  method	  with	  DL=2.1	  and	  various	  meshes.	  ..........................................	  296	  
Figure	  5.28	  Variation	  in	  local	  plastic	  strain	  distribution	  for	  a	  vertical	  cross	  section	  at	  midslope,	  35	  
years	  after	  excavation,	  for	  cutting	  analyses	  employing	  the	  nonlocal	  strain	  softening	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method	  (DL=2.1)	  and	  various	  meshes.	  	  Presented	  by	  mesh	  layout	  as	  defined	  in	  Figure	  5.25	  
(a)	  midslope	  (b)	  base	  (c)	  multiple	  pile	  (d)	  inclined	  elements	  .........................................................	  297	  
Figure	  5.29	  Variation	  in	  nonlocal	  strain	  distribution	  for	  a	  vertical	  cross	  section	  at	  midslope	  for	  the	  
last	  converged	  increment	  for	  cutting	  analyses	  employing	  the	  nonlocal	  strain	  softening	  	  
(DL=2.1)	  and	  various	  meshes.	  	  Presented	  by	  mesh	  layout	  as	  defined	  in	  Figure	  5.25	  (a)	  
midslope	  (b)	  base	  (c)	  multiple	  pile	  (d)	  inclined	  elements	  .................................................................	  298	  
Figure	  5.30	  The	  influence	  of	  element	  sizes	  within	  a	  mesh	  on	  the	  local	  plastic	  deviatoric	  strain	  
contours	  developed	  prior	  to	  slope	  failure.	  ...............................................................................................	  299	  
Figure	  5.31	  Time	  to	  slope	  failure	  for	  a	  change	  in	  the	  value	  of	  DL,	  analyses	  employing	  the	  G&S	  
nonlocal	  strain	  softening	  model	  with	  various	  mesh	  discretisations	  of	  the	  midslope	  and	  base	  
pile	  mesh	  layouts.	  ...............................................................................................................................................	  300	  
Figure	  5.32	  The	  influence	  of	  DL	  on	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  cutting	  
analyses	  employing	  two	  mesh	  layouts	  with	  varying	  element	  sizes	  and	  the	  nonlocal	  strain	  
softening	  model.	  Radius	  of	  influence	  is	  three	  times	  the	  characteristic	  length	  DL.	  ................	  304	  
Figure	  5.33	  The	  influence	  of	  DL	  on	  the	  horizontal	  displacement	  of	  midslope	  over	  time	  for	  cutting	  
analyses	  employing	  two	  mesh	  layout	  types	  with	  varying	  element	  sixes,	  RI	  =	  3DL,	  sorted	  by	  
element	  size	  to	  DL	  ratio	  (a)	  ratio	  2:1,	  (b)	  ratio	  1:1	  .............................................................................	  305	  
Figure	  5.34	  The	  influence	  of	  DL	  on	  nonlocal	  strain	  distribution	  of	  a	  vertical	  cross	  section	  at	  
midslope,	  close	  to	  failure,	  for	  analyses	  with	  a	  2:1	  ratio	  for	  DL	  to	  element	  size,	  RI=3DL.	  (a)	  
all	  analyses	  (b)	  DL=4.2m,	  element	  2.1m	  (c)DL=2.1m,	  element	  1.05m	  (d)	  DL=1.05m,	  element	  
0.525m	  .....................................................................................................................................................................	  306	  
Figure	  5.35	  The	  influence	  of	  DL	  on	  nonlocal	  strain	  distribution	  of	  a	  vertical	  cross	  section	  at	  
midslope,	  close	  to	  failure,	  for	  analyses	  with	  a	  1:1	  ratio	  for	  DL	  to	  element	  size,	  RI=3DL.	  (a)	  
all	  analyses	  (b)	  DL=2.1m,	  element	  2.1m	  (c)DL=1.05m,	  element	  1.05m	  (d)	  DL=0.525m,	  
element	  0.525m	  ...................................................................................................................................................	  307	  
Figure	  5.36	  The	  influence	  of	  DL	  and	  element	  size	  on	  local	  strain	  distribution	  of	  a	  vertical	  cross	  
section	  at	  midslope,	  35	  years	  after	  excavation,	  RI=3DL.	  Separated	  by	  the	  element	  size	  of	  the	  
mesh	  (a)	  element	  2.1m	  	  (b)	  element	  1.05m	  (c)	  element	  0.525m	  ...................................................	  308	  
Figure	  5.37	  The	  effects	  of	  mesh	  and	  DL	  for	  non-­‐softening	  analyses,	  cutting	  analyses	  employing	  a	  
nonlocal	  strain	  softening	  constitutive	  model	  with	  a	  constant	  strength	  soil.	  	  RI	  =	  3DL	  .......	  309	  
Figure	  5.38	  Effects	  of	  combining	  strain	  softening	  rate	  and	  DL	  for	  London	  Clay	  10m	  high,	  1	  in	  3	  
(vt:hz)	  cutting	  analyses	  employing	  the	  nonlocal	  strain	  softening	  model	  and	  various	  meshes.	  	  
Radius	  of	  influence	  is	  three	  times	  the	  DL.	  	  The	  initiation	  of	  softening	  is	  at	  5%	  plastic	  strain	  
and	  completion	  of	  softening	  is	  varied.	  .......................................................................................................	  311	  
Figure	  5.39	  Effect	  of	  softening	  rate	  and	  DL	  on	  nonlocal	  strain	  distribution,	  vertical	  distribution	  of	  
strain	  below	  midslope,	  14.8m	  from	  base	  of	  slope.	  	  (a)	  after	  400	  years,	  (b)	  &	  (c)	  close	  to	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slope	  failure.	  RI	  =	  3DL.	  	  The	  initiation	  of	  softening	  is	  at	  5%	  plastic	  strain	  and	  completion	  of	  
softening	  is	  varied	  according	  to	  the	  SR	  value.	  .......................................................................................	  312	  
Figure	  5.40	  Contours	  of	  accumulated	  local	  plastic	  deviatoric	  strain	  for	  the	  last	  increment	  before	  
failure,	  for	  analyses	  varying	  strain	  softening	  range,	  DL	  and	  the	  size	  of	  the	  elements	  in	  the	  
midslope	  pile	  mesh	  layout.	  	  RI=3DL.	  The	  contour	  plots	  are	  truncated	  and	  present	  only	  the	  
left	  side	  of	  the	  mesh	  where	  large	  strains	  occur.	  ....................................................................................	  314	  
Figure	  5.41	  Evaluating	  a	  suitable	  DL	  for	  slope	  analyses,	  biaxial	  compression	  analyses	  employing	  
21m	  by	  21m	  meshes	  with	  varying	  numbers	  of	  elements.	  	  DL	  is	  varied	  for	  the	  nonlocal	  
analyses	  with	  RI=3DL.	  	  The	  local	  percentage	  strain	  softening	  model	  varies	  strain	  limits	  
with	  element	  size	  to	  maintain	  softening	  rate.	  .......................................................................................	  318	  
Figure	  5.42	  Biaxial	  compression	  with	  DL=1.0m	  for	  a	  21m	  by	  21m	  mesh	  compared	  to	  Local	  %	  ε	  
results	  ......................................................................................................................................................................	  319	  
Figure	  5.43	  A	  comparison	  of	  the	  accuracy	  of	  using	  various	  radius	  of	  influence	  for	  drained	  biaxial	  
compression	  analyses	  with	  a	  21m	  by	  21m	  mesh	  with	  DL=1.0m	  for	  various	  radius	  of	  
influence	  (m)	  (a)	  20x20	  element	  mesh	  (b)	  40x40	  element	  mesh	  ..................................................	  320	  
Figure	  5.44	  Time	  saving	  provided	  by	  employing	  a	  RI	  in	  a	  biaxial	  compression	  analysis	  with	  a	  21m	  
by	  21m	  mesh	  for	  two	  mesh	  discretisations	  (40x40	  and	  20x20	  elements).	  	  Time	  saving	  is	  
compared	  (a)	  relative	  to	  RI	  =	  6m	  and	  (b)	  relative	  to	  specifying	  no	  RI.	  ......................................	  321	  
Figure	  5.45	  The	  effect	  of	  varying	  the	  Radius	  of	  Influence,	  RI	  within	  a	  strain	  softening	  cutting	  
analysis	  ....................................................................................................................................................................	  324	  
Figure	  5.46	  Strain	  Distribution	  for	  two	  vertical	  cross	  sections	  for	  the	  last	  increment	  of	  the	  analysis	  
of	  excavated	  slope	  analyses	  varying	  the	  RI	  parameter.	  DL	  =	  1m	  ..................................................	  325	  
Figure	  5.47	  Local	  Plastic	  deviatoric	  strain	  contours	  for	  excavated	  slopes	  analyses	  with	  various	  
values	  for	  the	  RI	  parameter.	  	  DL	  =	  1m,	  excavation	  10m	  deep	  for	  the	  last	  converged	  
increment.	  ..............................................................................................................................................................	  326	  
Figure	  5.48	  Comparison	  of	  CPU	  time	  for	  excavated	  slope	  analyses	  with	  varying	  RI	  and	  a	  DL	  of	  1m.
	  ....................................................................................................................................................................................	  328	  
Figure	  5.49	  Comparison	  of	  time	  for	  slope	  analyses	  to	  be	  performed,	  comparing	  the	  use	  of	  local	  
strain	  softening	  model	  to	  nonlocal	  G&S	  strain	  softening	  model	  and	  selected	  RI	  value.	  (a)	  
time	  to	  perform	  excavation	  of	  slope	  during	  25	  increments	  (b)	  total	  time	  for	  analyses,	  the	  
number	  of	  increments	  varies	  for	  each	  analysis	  .....................................................................................	  329	  
Figure	  6.1	  Mesh	  Index	  for	  6	  multiple	  pile	  layout	  meshes	  with	  a	  variation	  of	  element	  sizes	  as	  defined	  
in	  Table	  6.2	  for	  an	  excavated	  slope	  10	  m	  high	  with	  a	  1	  in	  3	  (vertical	  to	  horizontal)	  slope	  
and	  16m	  wide	  base	  of	  excavation.	  ...............................................................................................................	  339	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  Accumulated	  local	  plastic	  strain	  contours	  illustrating	  the	  effect	  of	  element	  discretisation	  
on	  the	  strain	  distribution	  at	  failure	  for	  six	  local	  analyses	  with	  meshes	  of	  varying	  
discretisation	  ........................................................................................................................................................	  345	  
Figure	  6.8	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  6.16	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  safety	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  time	  for	  analyses	  with	  
consolidation	  to	  failure	  and	  factor	  of	  safety	  value	  for	  analyses	  with	  30	  years	  of	  
consolidation	  prior	  to	  evaluation	  of	  factor	  of	  safety.	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Figure	  7.4	  Evaluating	  the	  relationship	  between	  the	  time	  to	  failure	  and	  factor	  of	  safety	  for	  analyses	  
with	  consolidation	  to	  completion	  and	  factor	  of	  safety	  evaluated	  after	  30	  years	  
consolidation	  respectively.	  For	  analyses	  with	  15m	  long,	  0.9m	  diameter	  piles	  in	  varied	  
locations	  between	  the	  toe	  and	  crest	  of	  the	  slope.	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Figure	  7.5	  Incremental	  displacement	  vectors	  for	  the	  final	  increment	  of	  the	  analysis,	  for	  the	  
analyses	  with	  a	  pile	  in	  the	  first	  25	  positions	  of	  dimensions	  15m	  long,	  0.9m	  diameter	  piles	  in	  
varied	  locations	  between	  the	  toe	  and	  crest	  of	  the	  slope.	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Figure	  7.6	  Accumulated	  plastic	  deviatoric	  strain	  contours	  for	  the	  final	  increment	  of	  the	  analysis,	  
for	  the	  pile	  in	  various	  positions	  between	  the	  toe	  and	  crest	  of	  the	  slope.	  	  The	  pile	  is	  15m	  long	  
with	  a	  0.9m	  diameter.	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Figure	  7.7	  Comparing	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  26	  analyses	  with	  
15m	  long,	  0.9m	  diameter	  piles	  in	  varied	  locations	  between	  the	  toe	  and	  crest	  of	  the	  slope.	  	  
Colours	  correspond	  to	  mechanism	  type.	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  408	  
Figure	  7.8	  Accumulated	  local	  plastic	  deviatoric	  strain	  contours	  at	  failure	  and	  incremental	  
displacement	  vectors	  for	  the	  final	  increment	  for	  (a)	  no-­‐pile	  analysis	  (b)	  to	  (k)	  an	  example	  
for	  each	  mechanism	  of	  pile	  and	  slope	  failure	  depending	  on	  pile	  location	  for	  15m	  long,	  0.9m	  
diameter	  piles.	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Figure	  7.9	  The	  effect	  of	  pile	  position	  between	  the	  toe	  and	  crest	  of	  the	  slope	  on	  the	  accumulated	  
displacement	  of	  the	  15m	  long,	  0.9m	  diameter	  pile	  for	  the	  final	  converged	  increment	  of	  the	  
analyses.	  (a)	  horizontal	  displacement,	  (b)	  absolute	  displacement.	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Figure	  7.10	  The	  effect	  of	  pile	  position	  between	  the	  toe	  and	  crest	  of	  the	  slope	  on	  the	  forces	  induced	  
in	  the	  15m	  long,	  0.9m	  diameter	  pile	  at	  the	  end	  of	  the	  analysis	  (a)	  axial	  force	  (b)	  shear	  
force.	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Figure	  7.11	  The	  effect	  of	  pile	  position	  between	  the	  toe	  and	  crest	  of	  the	  slope	  on	  the	  bending	  
moment	  induced	  in	  the	  15m	  long,	  0.9m	  diameter	  pile	  at	  the	  end	  of	  the	  analysis.	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Figure	  7.12	  The	  variation	  of	  the	  accumulated	  displacement	  of	  the	  pile	  over	  time	  for	  the	  analysis	  
with	  a	  15m	  pile	  in	  position	  17,	  illustrating	  the	  behaviour	  of	  the	  pile	  for	  mechanism	  4.	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Figure	  7.13	  The	  variation	  of	  bending	  moment	  of	  pile	  over	  time	  for	  analysis	  with	  a	  15m	  pile	  in	  
position	  17,	  illustrating	  the	  behaviour	  of	  the	  pile	  for	  mechanism	  4.	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Figure	  7.14	  A	  comparison	  of	  the	  accumulated	  local	  plastic	  deviatoric	  strain	  contours	  and	  
incremental	  displacement	  vectors	  at	  failure	  for	  positions	  13	  to	  16	  for	  analyses	  with	  15m	  
long,	  0.9m	  diameter	  vertical	  piles.	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Figure	  7.15	  The	  variation	  of	  the	  accumulated	  displacement	  of	  the	  pile	  over	  time	  for	  the	  analysis	  
with	  a	  15m	  pile	  in	  position	  9,	  illustrating	  the	  behaviour	  of	  the	  pile	  for	  mechanism	  3.	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Figure	  7.16	  The	  variation	  of	  bending	  moment	  of	  pile	  over	  time	  for	  analysis	  with	  a	  pile	  in	  position	  9,	  
illustrating	  the	  behaviour	  of	  the	  pile	  for	  mechanism	  3	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Figure	  7.17	  The	  variation	  of	  the	  accumulated	  displacement	  of	  the	  pile	  over	  time	  for	  the	  analysis	  
with	  a	  15m	  pile	  in	  position	  3,	  illustrating	  the	  behaviour	  of	  the	  pile	  for	  mechanism	  2.	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Figure	  7.18	  The	  variation	  of	  bending	  moment	  of	  pile	  over	  time	  for	  analysis	  with	  a	  pile	  in	  position	  3,	  
illustrating	  the	  behaviour	  of	  the	  pile	  for	  mechanism	  2	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Figure	  7.19	  Comparing	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  analyses	  with	  
varying	  pile	  lengths	  with	  a	  diameter	  of	  0.9m	  and	  in	  position	  9	  between	  the	  crest	  and	  toe	  of	  
the	  slope.	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Figure	  7.20	  Accumulated	  local	  plastic	  deviatoric	  strain	  contours	  for	  the	  final	  increment	  of	  analyses	  
with	  a	  variation	  in	  pile	  length	  of	  a	  0.9m	  diameter	  pile	  in	  position	  9.	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Figure	  7.21	  Incremental	  displacement	  vectors	  for	  the	  final	  increment	  of	  the	  analysis	  with	  a	  
variation	  in	  pile	  length	  of	  a	  0.9m	  diameter	  pile	  in	  position	  9.	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Figure	  7.22	  The	  effect	  of	  pile	  length	  on	  the	  displacement	  of	  soil	  in	  front	  of	  the	  0.9m	  diameter	  pile	  in	  
position	  9	  between	  the	  toe	  and	  crest	  of	  the	  slope.	  (a)	  horizontal	  displacement,	  (b)	  absolute	  
displacement.	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Figure	  7.23	  The	  effect	  of	  pile	  length	  on	  the	  bending	  moment	  induced	  in	  the	  pile	  during	  the	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  of	  the	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  for	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  of	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  9	  
between	  the	  toe	  and	  crest	  of	  the	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Figure	  7.24	  The	  variation	  of	  the	  bending	  moment	  of	  the	  pile	  over	  time	  for	  a	  pile	  of	  diameter	  0.9m	  
in	  position	  9	  between	  the	  toe	  and	  crest	  of	  the	  slope	  and	  length	  (a)	  12m,	  (b)	  9m,	  (c)	  6m,	  (d)	  
3m.	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Figure	  7.25	  The	  effect	  of	  pile	  length	  on	  the	  accumulated	  forces	  in	  the	  0.9m	  diameter	  pile	  in	  position	  
9	  between	  the	  toe	  and	  crest	  of	  the	  slope	  during	  the	  final	  increment	  of	  the	  analyses.	  (a)	  axial	  
force	  (b)	  shear	  force.	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Figure	  7.26	  The	  variation	  of	  the	  bending	  moment	  of	  the	  pile	  over	  time	  for	  a	  18.28m	  long	  pile	  of	  
diameter	  0.9m	  in	  position	  9	  between	  the	  toe	  and	  crest	  of	  the	  slope.	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Figure	  7.27	  The	  variation	  of	  the	  bending	  moment	  of	  the	  pile	  over	  time	  for	  a	  21.56m	  long	  pile	  of	  
diameter	  0.9m	  in	  position	  9	  between	  the	  toe	  and	  crest	  of	  the	  slope.	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Figure	  7.28	  Comparing	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  analyses	  with	  
varied	  pile	  diameters	  between	  0.6m	  and	  1.8m,	  15m	  long	  piles	  at	  three	  positions	  between	  
the	  toe	  and	  crest	  of	  the	  slope.	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Figure	  7.29	  The	  effect	  of	  the	  pile	  diameter	  on	  the	  bending	  moment	  distribution	  of	  a	  15m	  long	  pile	  
in	  position	  3	  between	  the	  toe	  and	  crest	  of	  the	  slope	  (a)	  at	  the	  end	  of	  the	  analysis	  (b)	  205	  
years	  after	  excavation.	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Figure	  7.30	  The	  effect	  of	  pile	  diameter	  on	  the	  forces	  induced	  in	  the	  15m	  long	  piles	  in	  position	  3	  
between	  the	  toe	  and	  crest	  of	  the	  slope,	  values	  at	  the	  end	  of	  the	  analysis	  for	  (a)	  axial	  force	  
(b)	  shear	  force	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Figure	  7.31	  The	  effect	  of	  pile	  diameter	  on	  the	  displacement	  at	  failure	  of	  15m	  long	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  in	  position	  
3.	  (a)	  horizontal	  displacement,	  (b)	  absolute	  displacement	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Figure	  7.32	  The	  variation	  of	  the	  bending	  moment	  of	  a	  pile	  over	  time	  for	  analysis	  with	  a	  15m	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  in	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  3	  with	  a	  diameter	  of	  (a)	  0.6m	  (b)	  1.2m	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Figure	  7.33	  The	  variation	  of	  the	  bending	  moment	  of	  a	  pile	  over	  time	  for	  analysis	  with	  a	  15m	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  in	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  3	  with	  a	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  of	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  (b)	  1.8m	  ...................................................................................	  449	  
Figure	  7.34	  The	  effect	  of	  pile	  diameter	  on	  the	  displacement	  at	  failure	  of	  15m	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  in	  position	  
9.	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  (b)	  absolute	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Figure	  7.35	  The	  effect	  of	  the	  pile	  diameter	  on	  the	  bending	  moment	  distribution	  of	  a	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in	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  between	  the	  toe	  and	  crest	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  of	  the	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  (b)	  120	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Figure	  7.36	  The	  variation	  of	  the	  bending	  moment	  of	  a	  pile	  over	  time	  for	  analysis	  with	  a	  15m	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  with	  a	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Figure	  7.37	  The	  variation	  of	  the	  bending	  moment	  of	  a	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  over	  time	  for	  analysis	  with	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  with	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Figure	  7.38	  The	  effect	  of	  pile	  diameter	  on	  the	  forces	  induced	  in	  the	  15m	  long	  piles	  in	  position	  9	  
between	  the	  toe	  and	  crest	  of	  the	  slope,	  values	  at	  the	  end	  of	  the	  analysis	  for	  (a)	  axial	  force	  
(b)	  shear	  force	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Figure	  7.39	  The	  effect	  of	  the	  pile	  diameter	  on	  the	  bending	  moment	  distribution	  of	  a	  15m	  long	  pile	  
in	  position	  17	  between	  the	  toe	  and	  crest	  of	  the	  slope	  (a)	  at	  the	  end	  of	  the	  analysis	  (b)	  60	  
years	  after	  excavation.	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Figure	  7.40	  The	  effect	  of	  pile	  diameter	  on	  the	  displacement	  at	  failure	  of	  15m	  long	  piles	  in	  position	  
17.	  (a)	  horizontal	  displacement,	  (b)	  absolute	  displacement	  ...........................................................	  456	  
Figure	  7.41	  The	  variation	  of	  the	  bending	  moment	  of	  a	  pile	  over	  time	  for	  analysis	  with	  a	  15m	  pile	  in	  
position	  17	  with	  a	  diameter	  of	  (a)	  1.5m	  (b)	  1.8m	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Figure	  7.42	  The	  effect	  of	  pile	  diameter	  on	  the	  forces	  induced	  in	  the	  15m	  long	  piles	  in	  position	  17	  
between	  the	  toe	  and	  crest	  of	  the	  slope,	  values	  at	  the	  end	  of	  the	  analysis	  for	  (a)	  axial	  force	  
(b)	  shear	  force	  ......................................................................................................................................................	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Figure	  7.43	  The	  variation	  of	  the	  bending	  moment	  of	  a	  pile	  over	  time	  for	  analysis	  with	  a	  15m	  pile	  in	  
position	  17	  with	  a	  diameter	  of	  (a)	  0.6m	  (b)	  1.2m	  ................................................................................	  459	  
Figure	  7.44	  Accumulated	  absolute	  displacement	  of	  soil	  elements	  before	  construction	  of	  piles	  due	  to	  
the	  deformed	  shape	  of	  elements	  during	  the	  period	  of	  consolidation	  permitted	  prior	  to	  pile	  
construction.	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  461	  
Figure	  7.45	  Comparing	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  26	  analyses	  with	  
15m	  long,	  0.9m	  diameter	  piles	  constructed	  in	  position	  9	  between	  the	  toe	  and	  crest	  of	  the	  
slope	  after	  varied	  periods	  of	  consolidation.	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  463	  
Figure	  7.46	  Incremental	  displacement	  vectors	  for	  the	  final	  increment	  of	  the	  analyses	  that	  
constructed	  a	  15m	  long,	  0.9m	  diameter	  pile	  in	  position	  9	  between	  the	  crest	  and	  toe	  of	  the	  
slope	  after	  varied	  periods	  of	  consolidation.	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  464	  
Figure	  7.47	  Accumulated	  local	  plastic	  deviatoric	  strain	  contours	  for	  the	  final	  increment	  of	  the	  
analyses	  that	  constructed	  a	  15m	  long,	  0.9m	  diameter	  pile	  in	  position	  9	  between	  the	  crest	  
and	  toe	  of	  the	  slope	  after	  varied	  periods	  of	  consolidation.	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Figure	  7.48	  The	  effect	  of	  the	  time	  of	  pile	  construction	  on	  the	  displacements	  for	  the	  last	  increment	  of	  
the	  15m	  long,	  0.9m	  diameter	  pile	  placed	  in	  position	  9	  between	  the	  toe	  and	  crest	  of	  the	  
slope.	  (a)	  horizontal	  displacement,	  (b)	  absolute	  displacement.	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  466	  
Figure	  7.49	  The	  effect	  of	  the	  time	  of	  pile	  construction	  on	  the	  bending	  moment	  induced	  in	  the	  15m	  
long,	  0.9m	  diameter	  pile	  placed	  in	  position	  9	  between	  the	  toe	  and	  crest	  of	  the	  slope,	  for	  the	  
last	  converged	  increment	  of	  the	  analysis.	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  467	  
Figure	  7.50	  The	  effect	  of	  the	  time	  of	  pile	  construction	  on	  the	  accumulated	  forces	  at	  the	  end	  of	  the	  
analysis	  in	  the	  15m	  long,	  0.9m	  diameter	  pile	  placed	  in	  position	  9	  between	  the	  toe	  and	  crest	  
of	  the	  slope.	  (a)	  axial	  force	  (b)	  shear	  force.	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Figure	  7.51	  The	  variation	  of	  the	  value	  for	  the	  factor	  of	  safety	  over	  time	  for	  analyses	  with	  a	  pile	  
constructed	  after	  varying	  periods	  of	  consolidation.	  	  The	  value	  of	  factor	  of	  safety	  is	  assessed	  
after	  different	  periods	  of	  consolidation	  for	  each	  time	  of	  pile	  placement	  and	  compared	  to	  
the	  results	  for	  the	  slope	  with	  no	  pile	  constructed.	  	  Piles	  are	  15m	  long,	  0.9m	  in	  diameter	  and	  
in	  position	  9	  between	  the	  toe	  and	  crest	  of	  the	  slope.	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  471	  
Figure	  7.52	  The	  variation	  of	  the	  bending	  moment	  of	  the	  pile	  for	  the	  last	  increment	  of	  analyses	  for	  a	  
15m	  long,	  0.9m	  diameter	  position	  9	  pile	  constructed	  after	  excavation.	  The	  factor	  of	  safety	  
analyses	  vary	  the	  period	  of	  consolidation	  after	  excavation	  before	  the	  factor	  of	  safety	  is	  
evaluated	  and	  are	  compared	  to	  an	  analysis	  with	  consolidation	  to	  failure	  and	  no	  factor	  of	  
safety	  evaluation.	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Figure	  7.53	  The	  variation	  of	  the	  bending	  moment	  of	  the	  pile	  for	  the	  last	  increment	  of	  analyses	  for	  a	  
15m	  long,	  0.9m	  diameter	  position	  9	  pile	  constructed	  after	  (a)	  10	  years	  after	  excavation	  (b)	  
20	  years	  after	  excavation.	  The	  factor	  of	  safety	  analyses	  vary	  the	  period	  of	  consolidation	  
after	  excavation	  before	  the	  factor	  of	  safety	  is	  evaluated	  and	  are	  compared	  to	  an	  analysis	  
with	  consolidation	  to	  failure	  and	  no	  factor	  of	  safety	  evaluation.	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Figure	  7.54	  The	  variation	  of	  the	  bending	  moment	  of	  the	  pile	  for	  the	  last	  increment	  of	  analyses	  for	  a	  
15m	  long,	  0.9m	  diameter	  position	  9	  pile	  constructed	  after	  (a)	  30	  years	  after	  excavation	  (b)	  
40	  years	  after	  excavation.	  The	  factor	  of	  safety	  analyses	  vary	  the	  period	  of	  consolidation	  
after	  excavation	  before	  the	  factor	  of	  safety	  is	  evaluated	  and	  are	  compared	  to	  an	  analysis	  
with	  consolidation	  to	  failure	  and	  no	  factor	  of	  safety	  evaluation.	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Figure	  7.55	  Comparing	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  analyses	  
modelling	  the	  pile	  as	  beam	  or	  solid	  elements.	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Figure	  7.56	  Incremental	  displacement	  vector	  for	  the	  final	  increment	  of	  the	  analysis,	  for	  15m	  long	  
0.9m	  diameter	  piles	  modelled	  using	  either	  beam	  or	  solid	  elements	  to	  model	  the	  pile.	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Figure	  7.57	  Accumulated	  local	  plastic	  deviatoric	  strain	  contours	  for	  the	  final	  increment	  of	  the	  
analysis,	  modelling	  a	  15m	  long,	  0.9m	  diameter	  pile	  using	  either	  beam	  or	  solid	  elements.	  479	  
Figure	  7.58	  The	  effect	  of	  pile	  structural	  element	  type	  on	  the	  displacement	  of	  a	  pile	  15m	  long,	  0.9m	  
diameter	  pile	  modelled	  as	  either	  beam	  or	  solid	  elements.	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Figure	  7.59	  The	  effect	  of	  pile	  structural	  element	  type	  on	  the	  forces	  in	  the	  pile	  that	  is	  15m	  long,	  0.9m	  
diameter	  pile	  modelled	  as	  either	  beam	  or	  solid	  elements.	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Figure	  7.60	  The	  effect	  of	  pile	  structural	  element	  type	  on	  the	  bending	  moment	  induced	  in	  a15m	  
long,	  0.9m	  diameter	  pile	  modelled	  as	  either	  beam	  or	  solid	  elements.	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Figure	  7.61	  Comparing	  the	  numerical	  time	  cost	  of	  using	  either	  beam	  or	  solid	  elements	  to	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stabilisation	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  in	  a	  stiff	  clay	  excavated	  slope.	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Figure	  A.1	  The	  influence	  of	  permeability	  on	  horizontal	  displacement	  over	  time,	  for	  three	  
permeability	  profiles	  and	  two	  mesh	  layouts,	  employing	  the	  nonlocal	  G&S	  strain	  softening	  
model	  with	  DL	  =	  2.1m	  and	  RI	  =	  6.3m	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Figure	  A.2	  The	  influence	  of	  permeability	  on	  strain	  distribution	  at	  failure,	  for	  three	  permeability	  
profiles	  and	  two	  mesh	  layouts,	  employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  with	  DL	  
=	  2.1m	  and	  RI	  =	  6.3m	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  509	  
Figure	  A.3	  The	  influence	  of	  permeability	  for	  two	  permeability	  profiles	  and	  three	  mesh	  layouts	  
employing	  the	  nonlocal	  strain	  softening	  model	  with	  DL	  =	  2.1m	  and	  RI	  =	  6.3m.	  (a)	  the	  
horizontal	  displacement	  of	  the	  midslope	  over	  time	  (b)	  Vertical	  cross	  section	  at	  midslope	  of	  
accumulated	  nonlocal	  strain,	  20	  years	  after	  excavation	  ..................................................................	  510	  
Figure	  A.4	  The	  influence	  of	  permeability	  on	  strain	  distribution	  at	  failure,	  for	  two	  permeability	  
profiles	  and	  three	  mesh	  layouts,	  employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  with	  
DL	  =	  2.1m	  and	  RI	  =	  6.3m,	  separated	  by	  mesh	  layout	  (a)	  midslope	  pile	  mesh,	  (b)	  base	  pile	  
mesh	  (c)	  Multiple	  pile	  mesh	  ...........................................................................................................................	  511	  
Figure	  A.5	  The	  influence	  of	  the	  dilation	  angle	  on	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  
for	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  with	  DL	  =	  2.1m	  and	  RI	  =	  
6.3m.	  	  The	  value	  specified	  for	  the	  dilation	  angle	  is	  either	  0°	  or	  matched	  to	  φ’	  with	  the	  same	  
strain	  softening	  values.	  ....................................................................................................................................	  513	  
Figure	  A.6	  Accumulated	  Strain	  distribution	  over	  time	  for	  two	  nonlocal	  strain	  softening	  analyses	  
(DL=2.1m,	  RI=6.3m)	  with	  the	  value	  specified	  for	  the	  dilation	  angle	  is	  either	  0°	  (non	  
associated)	  or	  matched	  to	  φ’	  with	  the	  same	  strain	  softening	  values	  (associated).	  	  Two	  
vertical	  cross	  sections	  below	  the	  base	  and	  midslope.	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  514	  
Figure	  A.7	  The	  influence	  of	  the	  dilation	  angle	  on	  the	  contours	  of	  accumulated	  local	  plastic	  
deviatoric	  strain	  shown	  for	  two	  analyses	  at	  two	  times	  (a)	  and	  (c)	  70	  years	  after	  excavation	  
(b)	  and	  (d)	  last	  increment	  of	  the	  analysis.	  	  The	  plots	  exclude	  a	  large	  portion	  of	  the	  
unexcavated	  area	  of	  the	  mesh	  where	  strains	  are	  very	  low.	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Figure	  A.8	  Accumulated	  local	  plastic	  strain	  contours	  illustrating	  the	  effect	  of	  strength	  values	  and	  
strain	  softening	  limits	  on	  the	  position	  of	  slip	  surfaces	  at	  failure	  for	  four	  different	  analyses.
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Figure	  A.9	  The	  influence	  of	  the	  strength	  parameters	  on	  horizontal	  displacement	  of	  the	  midslope	  
over	  time	  for	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  with	  DL	  =	  2.1m	  
and	  RI	  =	  6.3m.	  Inset	  shows	  the	  variation	  of	  the	  strength	  parameters	  with	  strain.	  ...............	  519	  
Figure	  A.10	  Accumulated	  nonlocal	  strain	  distribution	  at	  failure	  for	  strain	  softening	  analyses	  
(DL=2.1m,	  RI=6.3m)	  that	  vary	  the	  strength	  values	  and/or	  strain	  limits.	  	  The	  strain	  
distribution	  for	  peak	  φ’=25	  and	  E=5%	  is	  shown	  after	  195years	  as	  the	  slope	  does	  not	  reach	  
failure	  in	  this	  analysis.	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Figure	  A.11	  The	  influence	  of	  the	  soil	  density	  in	  a	  nonlocal	  strain	  softening	  analyses	  of	  an	  excavated	  
slope	  with	  DL=2.1m	  and	  RI=6.3m	  (a)	  the	  horizontal	  displacement	  over	  time	  (b)	  the	  
accumulated	  nonlocal	  strain	  distribution	  at	  failure	  ...........................................................................	  522	  
Figure	  A.12	  Three	  profiles	  for	  K0	  varying	  the	  overconsolidation	  ratio	  of	  the	  soil	  ..................................	  524	  
Figure	  A.13	  The	  influence	  of	  the	  k0	  profile	  on	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  
analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  with	  DL	  =	  2.1m	  and	  RI	  =	  6.3m
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Figure	  A.14	  Accumulated	  nonlocal	  strain	  distribution	  at	  failure	  for	  three	  strain	  softening	  analyses	  
with	  varied	  K0	  profiles,	  showing	  two	  vertical	  cross	  sections	  (a)	  base	  of	  excavation	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Chapter	  1. Introduction	  Slopes	   cut	   in	   stiff	   clay	   are	   prone	   to	   delayed	   and	   brittle	   failure.	   	   These	   slopes	   are	  widespread	  across	   the	   rail	   and	   road	   networks	   in	   the	  UK.	   	   The	   use	   of	   discrete	   pile	   rows	   is	   an	   established	  method	   for	   improving	   stability	   of	   potentially	   unstable	   slopes	   or	   as	   a	   remedial	  measure	   in	   an	  existing	  slip	  (Ellis	  et	  al.,	  2010).	  	  The	  current	  design	  procedures	  treat	  the	  pile	  and	  soil	  response	  separately	   and	  often	  assume	   the	   slip	   surface	  position	   to	  be	   the	   same	  as	   that	  predicted	   for	   an	  unreinforced	   slope.	   	   This	   does	   not	   reflect	   the	   complex	   and	   three-­‐dimensional	   interaction	   of	  laterally	  loaded	  piles	  and	  the	  contribution	  of	  arching	  to	  the	  stability	  of	  the	  system.	  In	  addition,	  these	  methods	  do	  not	  model	  complex	  soil	  conditions,	  particularly	  the	  strain	  softening	  behaviour	  of	  soils	  such	  as	  stiff	  clay.	  	  The	  finite	  element	  method	  can	  model	  both	  the	  interaction	  of	  piles	  and	  soil	  in	  an	  excavated	  slope	  and	  strain	  softening	  behaviour.	  	  However,	  the	  use	  of	  strain	  softening	  soil	  models	  leads	  to	  mesh	  dependence	  of	  the	  results	  and	  to	  counter	  this	  a	  regularisation	  method	  is	  required.	   	  The	  research	  presented	  in	  this	  thesis	  models	  the	  use	  of	  piles	  to	  stabilise	  stiff	  clay	  cut	   slopes	   using	   the	   finite	   element	   method	   and	   nonlocal	   regularisation	   of	   strain	   softening	  behaviour.	  	  This	  provides	  an	  insight	  into	  stabilisation	  piles	  and	  slope	  interaction	  in	  this	  material	  and	  informs	  future	  investigation	  of	  stabilisation	  pile	  design.	  	  	  	  
1.1. Motivation	  A	   stiff	   clay	   is	   defined	   here	   as	   a	   clay	  which	   is	   over-­‐consolidated	   and	   exhibits	   strain	   softening	  behaviour.	  	  These	  stiff	  clays	  are	  widespread	  throughout	  the	  UK	  and	  include	  London	  Clay,	  Oxford	  Clay,	   Gault	   Clay,	   Kimmeridge	   Clay,	   Weald	   Clay	   and	   Mercia	   Mudstone.	   	   Stiff	   clay	   cuttings	   are	  common	  and	  their	  stability	  is	  important	  to	  transport	  routes	  throughout	  the	  UK.	  	  As	  can	  be	  seen	  in	  Figure	  1.1,	  the	  railway	  and	  road	  infrastructure	  in	  the	  UK	  has	  been	  constructed	  through	  many	  types	  of	  stiff	  clay.	  	  In	  the	  report	  by	  Perry	  (1989),	  more	  than	  200km	  (17%)	  of	  cuttings	  surveyed	  along	   A-­‐roads	   and	   motorways	   in	   the	   UK	   were	   made	   in	   stiff	   clays.	   	   Around	   London,	   where	  London	   Clay	   is	   a	   major	   deposit,	   there	   are	   many	   major	   infrastructure	   routes.	   	   	   Railways	  constructed	   during	   the	   late	   nineteenth	   and	   twentieth	   centuries	   have	   demonstrated	   the	   long	  term	  behaviour	  of	   slopes	  excavated	   in	   stiff	   clay.	   	   Superficial	   slides	  occur	   in	   the	   first	   couple	  of	  decades	  after	  construction,	  but	  delayed	  deep-­‐seated	  slides	  have	  occurred	  in	  railway	  cuttings	  up	  to	  160	  years	  after	  their	  original	  construction.	  	  Timescales	  of	  100	  years	  or	  more	  are	  relevant	  to	  many	  rail	  cuttings	  in	  London	  Clay	  (Ellis	  &	  O'Brien,	  2007).	  	  A	  significant	  number	  of	  these	  delayed	  slides	  occurred	  between	  50	  and	  70	  years	  after	   construction	   (Carder	  &	  Temporal,	  2000).	   	  The	  construction	  of	  motorways	  in	  the	  UK	  started	  in	  the	  late	  1950’s.	  	  The	  stiff	  clay	  motorway	  cuttings	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are	  therefore	  reaching	  a	  potentially	  crucial	  age	  and	  the	  requirement	  for	  stabilisation	  of	  unstable	  slopes	  is	  likely	  to	  increase	  in	  the	  coming	  decades.	  	  	  	  	  
	  
Figure	  1.1	  Map	   showing	   some	   stiff	   clays	   and	   transport	   routes	   in	   England	   and	  Wales	   (Wilkinson	  &	   Fenton,	  
2010)	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The	  highways	  agency	  has	  recognised	  the	  potential	  consequences	  of	  deep	  seated	  slope	   failures	  on	   its	   network.	   	   Although	   remedial	   work	   and	   prolonged	   lane	   closures	   are	   costly	   and	  inconvenient,	   the	  forced	  closure	  of	  transport	  corridors	  and	  the	  cost	  of	  emergency	  repair	  work	  would	   be	   a	   worse	   situation	   (Smethurst,	   2003).	   	   This	   has	   led	   to	   work	   to	   identify	   potentially	  unstable	   slopes	   whose	   stability	   can	   be	   increased	   prior	   to	   failure	   occurring	   (Geotechnical	  Consulting	  Group,	  2007;	  Carder	  &	  Temporal,	  2000;	  Perry,	  1989).	   	  There	  are	  several	  ways	  that	  the	  stability	  of	  a	  slope	  can	  be	  improved.	  	  To	  reduce	  the	  destabilising	  forces	  the	  geometry	  can	  be	  modified	  to	  create	  a	  shallow	  slope	  angle,	  or	  surface	  and	  subsurface	  drainage	  can	  alleviate	  high	  water	  pressures.	   	  These	  methods	  require	  extra	  land	  behind	  the	  existing	  slope	  to	  accommodate	  the	   regrading	   and	   suitably	   permeable	   soil	   for	   drainage	   measures	   to	   work	   effectively.	   	   To	  increase	  the	  resisting	  forces	  continuous	  or	  discrete	  retaining	  structures	  such	  as	  wall	  or	  piles	  can	  provide	  extra	  support	  for	  the	  soil	  (Duncan	  &	  Wright,	  2005;	  Ausilio	  et	  al.,	  2001).	  In	   addition	   to	   existing	   potentially	   unstable	   slopes,	   the	   increasing	   demand	   on	   the	   transport	  network,	   especially	   the	   congestion	   on	   major	   motorways,	   will	   require	   the	   widening	   of	   some	  transport	   corridors.	   	   In	   many	   locations,	   roads	   and	   railways	   are	   laterally	   confined	   by	  development	  or	  expanding	  laterally	  will	  require	  the	  purchase	  of	  private	  land.	  	  This	  will	  limit	  the	  suitability	   of	   traditional	   stabilisation	   techniques,	   such	   as	   re-­‐grading	   of	   the	   slope	   and	   the	  installation	  of	  drainage	  that	  require	  lateral	  extension	  of	  the	  slope	  (Smethurst,	  2003).	  	  It	  will	  also	  lead	   to	  a	   rise	   in	   the	  use	  of	   steeper	   slopes	  which	  could	   require	   slope	  stabilisation	   to	  pre-­‐empt	  failure	   problems.	   Rows	   of	   discrete	   piles	   offer	   a	   solution	   that	   is	   particularly	   suited	   to	   interact	  with	  materials	  at	  depth	  and	  can	  adhere	  to	   limited	  site	  access	  requirements.	   	  Piles	  also	  benefit	  from	  a	  long	  design	  life	  and	  although	  monitoring	  would	  be	  advisable,	  maintenance	  costs	  would	  be	  much	  lower	  than	  for	  other	  solutions,	  e.g.	  drainage.	  The	   current	   popular	  methods	   employed	   in	   industry	   to	   design	  pile	   stabilisation	   schemes	   treat	  the	  pile	  and	  slope	  response	  separately.	  	  This	  involves	  the	  application	  of	  a	  conventional	  method,	  such	   as	   the	   limit	   equilibrium	  method	   to	   identify	   the	   position	   of	   the	   slip	   surface,	   the	   current	  factor	  of	  safety	  and	  define	  the	  pressures	  or	  soil	  displacements	  to	  be	  applied	  to	  the	  pile.	  	  The	  pile	  is	   then	   designed	   to	   resist	   these	   loads	   and	   increase	   the	   factor	   of	   safety	   to	   the	   required	   level	  employing	  a	  pressure	  or	  displacement	  method	   (Cai	  &	  Ugai,	   2011;	  Poulos,	   1995;	   Ito	  &	  Matsui,	  1975;	  Broms,	  1964).	  	  These	  methods	  have	  been	  successfully	  used	  but	  the	  actual	  mechanisms	  of	  interaction	  between	  the	  piles	  and	  slope	  need	  further	  investigation	  before	  it	  can	  be	  shown	  that	  these	  methods	  are	  an	  appropriate	  representation	  for	  design	  of	  stabilisation	  piles.	   	   In	  addition,	  the	  strain	  softening	  behaviour	  of	  stiff	  clay	  is	  not	  easily	  accounted	  for	  in	  these	  design	  methods.	  	  Strain	  softening	  soil	  properties	  are	  a	  challenge	  to	  model,	  even	  in	  slope	  stability	  analysis	  without	  piles.	   	  Limit	  analysis	  methods	  cannot	  model	  a	  reduction	  in	  shear	  strength	  (Ausilio	  et	  al.,	  2001)	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so	   they	   are	   unsuitable	   for	   strain	   softening	   soils.	   	   In	   some	   adaptions	   of	   the	   limit	   equilibrium	  method,	   modifications	   to	   soil	   strength	   have	   been	   made	   to	   approximately	   model	   a	   strain	  softening	  soil	  (Zhang	  &	  Zhang,	  2007;	  Cheng	  et	  al.,	  2007).	   	  The	  modifications	  are	  not	  in	  general	  use.	   	  Furthermore,	  the	  limit	  equilibrium	  method	  will	  model	  a	  pile	  as	  a	  point	  load	  and	  moment,	  but	  does	  not	  provide	  information	  about	  deformation	  or	  strains	  of	  the	  pile	  and	  surrounding	  soil.	  	  To	  gain	  an	  understanding	  of	  the	  pile	  and	  soil	  interaction	  mechanisms,	  a	  method	  that	  can	  model	  strain	  softening	  and	  calculate	   the	  strains	  and	  displacements	  close	   to	   the	  pile	   is	   required.	   	  The	  finite	  element	  method	  can	  provide	  this	  information.	  It	  can	  model	  the	  excavation	  of	  a	  cutting	  in	  over	   consolidated,	   strain	   softening	   material	   and	   a	   realistic	   stress	   and	   pore	   water	   pressure	  response	  that	  leads	  to	  failure	  of	  the	  cutting	  slope	  (Potts	  &	  Zdravković,	  2001).	  	  The	  finite	  element	  method	   can	   still	   have	   difficulties	   in	   finding	   a	   solution	   when	   strain	   softening	   soil	   models	   are	  used.	  	  The	  implementation	  of	  the	  nonlocal	  regularisation	  for	  strain	  softening	  is	  presented	  in	  this	  thesis	  and	  employed	  in	  excavated	  slope	  analyses	  with	  and	  without	  stabilisation	  piles.	  	  Coupled	  consolidation	  analyses	  model	  the	  soil	  response	  over	  time	  and	  can	  be	  used	  in	  combination	  with	  the	  evaluation	  of	  the	  factor	  of	  safety	  to	  assess	  slope	  stability.	  The	   Imperial	   College	   Finite	   Element	   Program,	   ICFEP	   (Potts	   &	   Zdravković,	   2001;	   Potts	   &	  Zdravković,	  1999),	  is	  used	  for	  all	  finite	  element	  analyses	  presented	  in	  this	  thesis.	  	  The	  purpose	  of	   the	  research	  presented	   is	   to	   improve	   the	  simulation	  of	  excavated	  stiff	   clay	  slopes	  using	   the	  finite	   element	   method	   in	   order	   to	   ultimately	   investigate	   the	   interaction	   of	   a	   row	   of	   spaced	  stabilisation	  piles	  within	  a	  stiff	  clay	  cutting.	  	  	  
1.2. Layout	  of	  Thesis	  The	  work	  presented	  in	  this	  thesis	  is	  divided	  into	  the	  following	  chapters:	  
Chapter	   2	   begins	   with	   a	   review	   of	   the	   existing	   understanding	   of	   the	   behaviour	   of	   stiff	   clay	  excavated	  slopes.	   	  This	  includes	  the	  influence	  of	  soil	  properties	  such	  as	  strength,	  permeability,	  over	   consolidation	   and	   stiffness,	   in	   addition	   to	   the	   roles	   played	   by	   the	   change	   in	   pore	  water	  pressures	  due	  to	  excavation	  of	  the	  cutting.	  	  The	  processes	  of	  delayed	  and	  progressive	  failure	  are	  discussed	   to	   emphasise	   the	   role	   played	   by	   the	   strain	   softening	   behaviour	   of	   stiff	   clay.	   	   The	  modelling	   options	   available	   for	   slopes:	   limit	   equilibrium,	   limit	   analysis	   and	   numerical	  techniques,	  are	  evaluated	   in	   terms	  of	   their	   suitability	   to	  model	   stiff	   clay	  cuttings.	   	  The	  second	  part	  of	  this	  chapter	  focuses	  on	  stabilisation	  piles.	  	  The	  current	  understanding	  of	  the	  mechanisms	  of	  pile	  failure	  and	  interaction	  within	  an	  unstable	  slope	  is	  presented.	  	  This	  permits	  a	  discussion	  of	  the	  merits	  of	  the	  current	  methods	  of	  stabilisation	  pile	  design	  and	  their	  applicability	  to	  a	  stiff	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clay	   cutting.	   	   Stabilisation	   piles	   have	   already	   been	   incorporated	   in	   to	   numerical	   analyses	   and	  these	  are	  presented	  by	   the	  method	  used	   to	   load	   the	  pile	  or	  simulate	   failure	  of	   the	  slope.	   	  The	  applicability	  of	   these	  methods	  to	  modelling	  a	  strain	  softening	  stiff	  clay	  excavated	  slope	   is	  also	  discussed.	  
Chapter	   3	   is	   a	   review	   and	   assessment	   of	   the	   finite	   element	   tools	   and	   models	   that	   will	   be	  employed	   to	   simulate	   stiff	   clay,	   slope	   excavation	   and	   stabilisation	   piles.	   	   Preliminary	   two-­‐dimensional	   stiff	   clay	   cutting	   analyses	  without	   piles	   are	   compared	   to	   the	   expected	   behaviour	  and	  similar	  analyses	  performed	  by	  Potts	  et	  al.	   	  (1997)	  and	  Kovacevic	  (1994).	   	  The	  influence	  of	  convergence	   criteria	  when	  close	   to	   failure	  of	   the	   slope	   is	  discussed.	   	  To	   simulate	   stabilisation	  piles,	  a	  different	  mesh	  layout	  is	  required	  with	  vertical	  sided	  elements	  below	  the	  slope.	  	  Several	  new	  meshes	  were	  used	  to	  assess	  the	  mesh	  dependence	  of	  the	  two	  existing	  local	  strain	  softening	  soil	   models.	   	   This	   investigation	   identified	   the	   need	   for	   a	   new,	   less	   mesh	   dependent,	   strain	  softening	  model.	  In	  Chapter	  4,	  the	  nonlocal	  strain	  softening	  method	  is	  presented	  as	  a	  solution	  to	  reduce	  the	  mesh	  dependence	  of	  finite	  element	  analyses	  simulating	  strain	  softening	  soil.	   	  Three	  nonlocal	  models,	  whose	   defining	   equations	   are	   slightly	   different,	   are	   implemented	   into	   the	   finite	   element	   code	  ICFEP.	   	   These	   three	  models	   are	   compared	   to	   the	   two	   local	   strain	   softening	  methods	   through	  simple	   shear	   analyses	   and	   biaxial	   compression	   analyses	   under	   undrained	   and	   drained	  conditions.	   	  These	   analyses	   act	   as	   a	   verification	  of	   the	  nonlocal	  method	  and	   identify	   the	   least	  mesh	  dependent	  and	  most	  reliable	  of	  the	  three	  nonlocal	  options.	  
Chapter	  5	  further	  investigates	  the	  nonlocal	  method	  with	  a	  parametric	  study	  of	  the	  new	  nonlocal	  parameters:	   the	   defined	   length,	   DL	   and	   radius	   of	   influence,	   RI.	   	   This	   study	   includes	   biaxial	  compression	   analyses	   and	   two-­‐dimensional	   excavated	   slope	   analyses	   with	   coupled	  consolidation.	   	   The	   chosen	   nonlocal	  method	   and	   the	   local	  method	   are	   then	   compared	   for	   an	  excavated	  slope	  analysis	  with	  eleven	  different	  meshes	   to	  demonstrate	   the	  performance	  of	   the	  nonlocal	  method	  in	  a	  boundary	  value	  problem.	  	  The	  influence	  of	  DL	  on	  the	  softening	  rate	  of	  the	  soil	   is	   explored	   and	   a	   suitable	   DL	   for	   stiff	   London	   Clay	   is	   identified.	   	   The	   influence	   of	   RI	   is	  discussed	   in	   terms	  of	   a	   compromise	  between	  any	   change	   to	   the	   analysis	   results	   and	   the	   time	  saving	  that	  the	  value	  provides.	  
Chapter	   6	   presents	   factor	   of	   safety	   analyses	   for	   two-­‐dimensional	   stiff	   clay	   excavated	   slope	  analyses	   with	   coupled	   consolidation.	   	   The	   mesh	   dependence	   of	   factor	   of	   safety	   analyses	  employing	   the	   nonlocal	   and	   local	   displacement	   strain	   softening	   method	   is	   assessed	   with	   6	  meshes.	   	  These	  meshes	  have	   the	   same	  mesh	   layout,	  but	  different	   element	  discretisation.	   	  The	  factor	  of	  safety	  is	  assessed	  after	  varying	  periods	  of	  consolidation	  to	  demonstrate	  the	  impact	  of	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consolidation	  on	  the	  factor	  of	  safety	  value	  as	  well	  as	  the	  failure	  mechanism	  and	  distribution	  of	  strains	  within	  the	  slope.	  	  
Chapter	   7	   presents	   the	   two-­‐dimensional	   stiff	   clay	   excavated	   slope	   analyses	   with	   coupled	  consolidation	   that	   model	   stabilisation	   piles.	   	   The	   analyses	   compare	   the	   strains	   and	  displacements	  of	  the	  soil	  and	  the	  displacement,	  bending	  moment	  and	  forces	  of	  the	  piles.	   	  They	  assess	  the	  influence	  of	  the	  location	  of	  the	  pile	  between	  the	  toe	  and	  crest	  of	  the	  slope	  on	  the	  slope	  failure	  mechanism	  and	  contribution	  to	  stabilisation.	   	  The	  contribution	  to	  stability	  is	  quantified	  by	   the	   time	   to	   failure	   and	   the	   factor	  of	   safety	   evaluated	  30	  years	   after	   slope	   excavation.	   	  The	  influence	  of	  pile	  diameter	  is	  then	  evaluated	  at	  three	  locations	  between	  the	  toe	  and	  crest	  of	  the	  slope;	  chosen	  to	  represent	  three	  different	  failure	  mechanisms	  identified	  for	  a	  single	  value	  of	  the	  pile	  diameter	  in	  the	  pile	  location	  analyses.	  	  The	  influence	  of	  pile	  length	  on	  the	  time	  to	  failure	  and	  interaction	  of	  the	  pile	  with	  the	  soil	   is	  also	  assessed	  for	  one	  pile	  position.	   	  The	  variation	  of	  pile	  and	  soil	  behaviour	  with	   the	   time	  of	  pile	   construction	   is	   investigated.	   	  Finally,	   a	   comparison	   is	  made	  of	  the	  use	  of	  solid	  or	  beam	  elements	  to	  represent	  the	  pile.	  
Chapter	   8	   summarises	   the	   main	   conclusions	   reached	   in	   the	   previous	   chapters	   and	   provides	  suggestions	  for	  further	  research	  related	  to	  the	  modelling	  of	  stiff	  clay	  cuttings	  and	  stabilisation	  piles	  when	  employing	  the	  finite	  element	  method.	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Chapter	  2. Literature	  Review	  The	   present	   study	   will	   investigate	   the	   use	   of	   piles	   to	   stabilise	   stiff	   clay	   cut	   slopes	   using	   the	  Imperial	  College	  Finite	  Element	  Program	  (ICFEP).	  	  This	  is	  a	  review	  and	  critique	  of	  methods	  and	  research	  related	  to	  stiff	  clay	  cuttings	  and	  the	  use	  of	  piles	   to	  stabilise	  slopes.	   It	  will	  begin	  with	  review	   of	   stiff	   clay	   properties	   that	   will	   aid	   the	   subsequent	   discussion	   on	   the	   behaviour	   of	  cuttings	  made	  in	  stiff	  clay,	  the	  reasons	  for	  and	  the	  mechanisms	  behind	  failure.	  	  This	  will	  include	  a	  review	  of	  the	  modelling	  of	  stiff	  clay	  cuttings	   including	  previous	  studies	  and	  the	  potential	   for	  using	  other	  innovative	  methods.	  Then	  the	  available	  methods	  for	  pile	  stabilisation	  design	  will	  be	  explored,	   including	   the	   current	  understanding	  of	   the	  mechanisms	   involved	   in	  both	   the	   failure	  and	   the	  working	   life	   of	   piles,	   such	   as	   arching.	   	   The	   section	  will	   conclude	  with	   a	   summary	   of	  existing	   research	   that	   has	   incorporated	   stabilisation	   piles	   into	   numerical	   analyses	   and	   the	  applications	  of	  the	  previously	  described	  literature	  to	  this	  PhD	  study.	  	  	  	  
 Stiff	  Clay	  Properties	  2.1.To	  model	   stiff	   clay	   slope	   failure	   successfully,	   there	  must	   be	   an	   understanding	   of	   the	  material	  behaviour	  and	  the	  causes	  of	  slope	  failure.	  	  The	  material	  behaviour	  can	  also	  be	  used	  to	  interpret	  the	  results	  of	  analyses	  modelling	  slopes	  stabilised	  with	  piles,	  especially	  where	  the	  interaction	  of	  soil	  and	  piles	  including	  mechanisms	  such	  as	  arching	  are	  not	  fully	  characterised	  for	  this	  soil.	  	  Stiff	  clay	  is	  defined	  here	  as	  clays	  that	  are	  over-­‐consolidated	  and	  exhibit	  strain	  softening	  behaviour.	  These	  stiff	  clays	  are	  widespread	  throughout	  the	  UK	  and	  include	  London	  Clay,	  Oxford	  Clay,	  Gault	  Clay,	  Kimmeridge	  Clay,	  Weald	  Clay	  and	  Mercia	  Mudstone,	  Figure	  1.1.	  	  Large	  lengths	  of	  the	  road	  and	  railway	  networks	  pass	  through	  these	  areas	  and	  consequently	  there	  are	  large	  lengths	  of	  stiff	  clay	  excavated	  slopes.	  The	  general	  properties	  and	  behaviour	  of	  stiff	  clay	  will	  be	   introduced	  in	  this	  section.	   	  Although	  there	   is	   variation	   between	   the	   different	   stiff	   clays,	   they	   are	   similar	   in	   terms	   of	   their	   high	  stiffness,	  strain	  softening	  of	  soil	  strength,	  over	  consolidated	  state	  and	  low	  permeability.	  	  The	  soil	  modelled	  in	  this	  project	  is	  London	  Clay.	  	  From	  a	  survey	  reported	  by	  GCG	  (2007)	  including	  data	  from	  Perry	  (1989),	  the	  highest	  proportion	  of	  highway	  cuttings	  in	  stiff	  clay	  were	  made	  in	  London	  Clay.	   	  The	  properties	  of	  London	  Clay	  have	  been	  the	  subject	  of	  several	   investigations,	   including	  the	  recent	  studies	  by	  Hight	  et	  al.	  (2007)	  and	  Kovacevic	  et	  al.	  (2007).	  	  Other	  stiff	  clay	  soils	  could	  be	  modelled	   by	   varying	   the	   soil	   strength,	   permeability,	   or	   anisotropy	   of	   behaviour	   (Hosseini	  Kamal	  et	  al.,	  2014).	  	  This	  section	  will	  discuss	  stiff	  clay	  soil	  properties	  and	  the	  various	  terms	  used	  for	   interpretation	   of	   behaviour.	   	   The	   effects	   of	   these	   soil	   properties	   on	   the	   behaviour	   of	  excavated	  slopes	  will	  be	  discussed	  in	  subsequent	  sections.	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The	  high	  stiffness	  and	  strain	  softening	  behaviour	  of	  stiff	  clays	  are	  attributed	  to	  the	  stress	  history	  of	   the	  material,	   i.e.	   an	   over	   consolidated	   state(Burland,	   1990).	   A	  material	   is	   considered	   over-­‐consolidated	  when	   its	  current	  vertical	   stress	   is	   lower	   than	   the	  maximum	  vertical	   stress	   it	  has	  experienced	   (Skempton,	   1964).	   	   A	   normally	   consolidated	   soil	   is	   one	   that	   has	   never	   been	  subjected	  to	  a	  vertical	  stress	  higher	  than	  the	  one	   it	   is	  currently	  experiencing	  (Leroueil,	  2001).	  	  When	   the	   vertical	   effective	   stress	   on	   a	   soil	   is	   reduced,	   the	   over-­‐consolidation	   ratio	   or	   OCR	  identifies	   the	   degree	   to	  which	   it	   is	   unloaded.	   	   The	   OCR	   is	   the	   ratio	   of	   the	  maximum	   vertical	  stress	  experience	  by	  the	  soil	  to	  the	  current	  vertical	  stress.	   	   It	   is	  always	  greater	  than	  1.0	  for	  an	  over	   consolidated	   soil.	   	   An	   over	   consolidated	   soil	  will	   have	   lateral	   pressures	   greater	   than	   its	  vertical	  pressures	  because	  at	  some	  point	  in	  the	  soil’s	  geological	  history	  the	  soil	  has	  been	  under	  a	  greater	  vertical	  pressure	  than	  its	  current	  overburden	  pressure.	  	  When	  the	  vertical	  stress	  on	  an	  over-­‐consolidated	  soil	  has	  reduced,	  the	  stresses	  in	  other	  directions,	  usually	  referred	  to	  as	  lateral	  stresses,	   may	   not	   have	   undergone	   the	   same	   reduction.	   	   The	   lateral	   stresses	   could	   now	   be	  greater	  than	  the	  vertical	  stress.	  	  The	  ratio	  of	  lateral	  to	  vertical	  effective	  stress	  in	  a	  soil	  is	  referred	  to	  as	  the	  coefficient	  of	  lateral	  stress,	  K,	  or	  K0	  if	  it	  is	  the	  coefficient	  of	  lateral	  stress	  at	  rest	  (Potts	  &	  Zdravković,	  1999).	  	  The	  value	  of	  K0	  has	  been	  shown	  to	  affect	  the	  behaviour	  of	  stiff	  clay	  cuttings	  (Kovacevic,	  1994),	  which	  will	  be	  explored	  in	  Section	  2.2.5.	  	  An	  over-­‐consolidated	  soil	   is	  generally	   stiffer	   than	  a	  normally	   consolidated	  soil	  made	   from	  the	  same	  material	   (Potts	   &	   Zdravković,	   1999).	   	   The	   effects	   of	   over-­‐consolidation	   on	   stiffness	   are	  illustrated	   in	   Figure	   2.1.	   	   This	   figure	   presents	   the	   change	   in	   void	   ratio,	   e,	   corresponding	   to	   a	  change	   in	   vertical	   effective	   stress,	   σv’,	   on	   an	   isotropically	   loaded,	   perfectly	   drained	   soil.	   	   The	  behaviour	   of	   a	   normally	   consolidated	   or	   over	   consolidated	   soil	   and	   either	   a	   reconstituted	   or	  natural	  sample	  can	  be	  represented	  on	  this	  graph.	  	  The	  labels	  on	  Figure	  2.1	  relate	  to	  the	  intrinsic	  compression	   line	   (ICL),	   the	   sedimentation	   compression	   line	   (SCL)	   and	   the	   intrinsic	   swelling	  curve	   (ISC).	   The	   intrinsic	   properties	   of	   a	   soil	   refer	   to	   the	   material	   properties	   that	   are	  independent	   of	   changes	   caused	   by	   sedimentation	   or	   consolidation;	   they	   are	   inherent	   to	   the	  material.	  	  These	  properties	  are	  assessed	  in	  the	  laboratory	  using	  a	  reconstituted	  sample,	  which	  is	  created	   by	   thoroughly	   mixing	   a	   soil	   to	   a	   high	   water	   content	   to	   breakdown	   the	   soil’s	  microstructure	  (Burland	  et	  al.,	  1996).	  	  	  A	  natural	  soil	  creates	  a	  microstructure	  during	  sedimentation	  due	  to	  the	  arrangement	  of	  the	  soil	  particles	   and	   the	   bonding	   between	   these	   particles	   (Leroueil,	   2001).	   	   This	   can	   give	   it	   an	  increased	   voids	   ratio	   and	   strength	   as	   shown	   by	   the	   SCL.	   	   A	   natural,	   normally	   consolidated	  material	   would	   plot	   either	   on	   or	   between	   the	   ICL	   and	   the	   SCL,	   depending	   on	   the	   stress	   it	   is	  under	   and	   the	   strength	   of	   the	   bonds	   created	   during	   sedimentation	   and	   consolidation.	   	   Under	  compression,	   i.e.	   increased	   stress,	   the	   microstructure	   and	   bonding	   of	   a	   natural	   sample	   are	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broken	  down.	  	  The	  void	  ratio	  will	  reduce	  as	  soil	  particles	  rearrange	  and	  the	  spaces	  between	  the	  particles	   are	   reduced(Skempton,	   1964).	   	   Eventually	   all	   materials	   revert	   to	   their	   intrinsic	  properties	  and	  the	  stress	  path	  drops	  down	  towards	  the	  ICL	  (Burland	  et	  al.,	  1996).	  	  	  The	  line	  B-­‐A-­‐C	  in	  Figure	  2.1	  gives	  an	  example	  of	  an	  over	  consolidated	  soil’s	  volumetric	  response	  to	  stress	  change.	  	  At	  point	  A	  the	  material	  is	  at	  rest	  and	  σv0’	  is	  the	  vertical	  effective	  stress	  at	  rest	  or	   in-­‐situ.	   	  When	   the	   vertical	   stress	   on	   soil	   is	   decreased	   the	   soil	   swells	   and	  moves	   to	   a	   point	  below	  the	  compression	  lines	  following	  a	  swelling	  curve.	  	  In	  a	  natural	  soil,	  the	  reduction	  in	  stress	  usually	  corresponds	  to	  erosion	  or	  removal	  of	  material	  above.	  	  For	  the	  over	  consolidated	  soil	  the	  soil	  unloads	  from	  point	  A	  until	  it	  reaches	  point	  B,	  illustrating	  the	  gradient	  of	  the	  unloading	  path.	  	  The	   gradients	   of	   the	  AB	   and	   ISC	   swelling	   lines	   are	   shallower	   than	   the	   ICL	   and	   SCL	   lines.	   The	  change	   in	   voids	   ratio	   due	   to	   swelling	   after	   a	   reduction	   in	   stress	   is	   smaller	   compared	   to	   an	  equivalent	   change	   in	   stress	  on	   the	  compression	   lines.	   	  The	  void	   ratio	  does	  not	   recover	  with	  a	  decrease	   in	   stress	   at	   the	   same	   rate	   that	   it	   reduced	   with	   an	   increase	   in	   stress.	   	   Some	   of	   the	  changes	  during	  compression,	  such	  as	  particle	  rearrangement	  are	  not	  reversible.	  	  	  
	  
Figure	   2.1	   Compression	   and	   swelling	   of	   a	   natural,	   over-­‐consolidated	   clay	  
shown	  with	  the	  ICL,	  SCL	  and	  ISC	  reference	  framework	  (Burland	  et	  al.,	  1996)	  	  When	  the	  stress	  on	  an	  over-­‐consolidated	  material	  is	  then	  increased	  after	  swelling,	  the	  void	  ratio	  reduces	  initially	  by	  following	  the	  swelling	  line,	  line	  BA.	  	  	  This	  means	  that	  for	  a	  given	  increase	  or	  decrease	   in	  stress,	   the	  change	   in	  volume	  would	  be	   less	   for	  an	  over	  consolidated	  material	  so	   it	  has	   a	   stiffer	   response.	   	  As	   the	   stress	  on	   the	   soil	   continues	   to	   increase,	   the	   line	  passes	   from	  A	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towards	  point	  C.	   	  Once	   the	   stress	   increases	  past	   the	  maximum	  previously	   experienced	  by	   the	  over	  consolidated	  material,	  the	  gradient	  of	  the	  line	  increases	  and	  the	  material	  becomes	  less	  stiff.	  	  The	   microstructure	   and	   bonding	   of	   the	   material	   created	   during	   sedimentation	   and	  consolidation	  breakdown	  and	   the	  material	   compression	   line	   heads	   towards	   the	   ICL	   (Burland,	  1990).	  	  This	  illustrates	  that	  the	  material	  response	  is	  initially	  stiffer	  for	  an	  over-­‐consolidated	  soil,	  until	  the	  material	  is	  placed	  under	  stresses	  larger	  than	  those	  it	  has	  previously	  experienced	  when	  the	  response	  will	  become	  less	  stiff.	  This	  framework	  for	  stress	  and	  compressibility	  behaviour	  of	  soil	  can	  be	  extended	  to	  include	  the	  shearing	   behaviour	   of	   soil	   in	   what	   is	   known	   as	   the	   critical	   state	   framework	   (Atkinson	   &	  Bransby,	  1978).	   	  The	  failure	  envelope	  for	  the	  material	   is	  then	  plotted	  in	  a	  3D	  graph	  using	  two	  stress	   indicators	   and	   one	   volumetric	   indicator	   as	   the	   axes.	   In	   the	   following	   Figures	   this	  framework	  defines	  the	  yield	  surface	  in	  terms	  of	  the	  mean	  effective	  stress,	  the	  deviation	  of	  stress	  and	  void	  ratio.	   	   In	  Figure	  2.2	  and	  Figure	  2.3	   the	  parameters	  s’	  and	   t	  are	  used	   for	   the	  axis	  and	  normalised	  by	  the	  equivalent	  intrinsic	  pressure	  σ*ve.	  The	  mean	  effective	  stress	  s’	  and	  deviatoric	  shear	   stress	   t	   are	   defined	   in	   Equation	   (2.1)	   and	   (2.2)	   respectively,	   with	   σ2’	   =	   σ3’.	   	   The	  mean	  effective	   stress,	   s’	   can	   also	   be	   defined	   as	   p’	   (Equation(2.3))	  when	   σ2’	   =	   σ3’.	   	   The	   deviation	   of	  stress,	  t,	  can	  also	  be	  defined	  as	  the	  deviator	  stress	  q’	  or	  deviatoric	  stress	  J	  using	  slightly	  different	  equations	   which	   always	   gives	   a	   positive	   value.	   	   The	   t,	   q’	   &	   J	   equations	   all	   represent	   the	  difference	  between	  the	  principal	  stresses	  which	  is	  an	  indicator	  of	  the	  shear	  stress.	  	  	  	  	  
𝑠! =    (𝜎!! + 𝜎!!)2 	   (2.1)	  𝑡 =    (𝜎!! − 𝜎!!)2 	   (2.2)	  𝑝! =    (𝜎!! + 𝜎!! + 𝜎!!)3 	   (2.3)	  	  The	  failure	  envelope	  for	  clays	  is	  made	  up	  of	  several	  lines	  or	  surfaces	  that	  are	  labelled	  in	  Figure	  2.2.	  	  These	  surfaces	  are	  plotted	  on	  the	  axis	  of	  mean	  effective	  stress	  s,	  deviation	  of	  stress	  t	  in	  this	  Figure	  and	  with	  void	  ratio	  (e)	  forming	  the	  third	  axis	  that	  defines	  deformation	  behaviour,	  but	  is	  not	  shown	  in	  Figure	  2.2.	   	  These	  yield	  surfaces	  define	  the	   limit	  of	  elastic	  behaviour.	   	   Inside	  the	  surfaces,	   the	   material	   behaves	   elastically	   which	   means	   that	   the	   strain	   and	   deformation	   are	  recoverable.	   	  Once	  a	  stress	  or	  loading	  path	  reaches	  one	  of	  the	  surfaces	  the	  behaviour	  becomes	  plastic	   and	   deformation	   is	   irreversible.	   	   Any	   further	   changes	   in	   stress	   will	   follow	   the	   yield	  surface.	   	   There	   cannot	   be	   a	   stress	   state	   that	   exists	   for	   the	   soil	   above	   the	   yield	   surface.	   	   An	  isotropically	  loaded	  soil	  can	  only	  be	  found	  along	  the	  s’	  axis	  of	  Figure	  2.2	  as	  there	  will	  not	  be	  a	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deviation	   between	   the	   principal	   stresses.	   	   The	   isotropically	   loaded,	   reconstituted	   soil	   reaches	  the	  yield	  surface	  at	  the	  ICL,	  as	  shown	  by	  point	  A	  on	  Figure	  2.2.	  	  The	  loading	  path	  will	  then	  follow	  the	  yield	  surface	  until	  it	  reaches	  the	  critical	  state	  line	  at	  C.	  	  At	  C,	  the	  soil	  continues	  to	  deform	  at	  a	  constant	   rate	   for	   changes	   in	   stress	   (Roscoe	   et	   al.,	   1958).	   	   This	   state	   is	   The	   Roscoe-­‐Rendulic	  surface	   represents	   the	   yield	   surface	   for	  hardening	   soils	   and	  normally	   consolidated	   soils.	   	   The	  Horslev	  failure	  surface	  represents	  the	  yield	  surface	  for	  softening	  soils	  such	  as	  over	  consolidated	  stiff	  clays.	  	  
	  
Figure	  2.2	  Critical	  state	  framework	  for	  reconstituted	  clays	  (Burland	  et	  al.,	  1996)	  	  
	  
Figure	   2.3	   Comparison	   of	   natural	   and	   intrinsic	   state	   boundary	   surfaces	   showing	  
increased	  resistance	  to	  compression	  and	  shearing	  (Burland	  et	  al.,	  1996)	  	  
Critical	  State	  Line	  
No	  tension	  cut-­‐off	  line	   Intrinsic	  Compression	  Line	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The	  yield	  surface	  for	  a	  reconstituted	  clay,	  which	  is	  also	  known	  as	  the	  intrinsic	  state	  boundary,	  is	  shown	  in	  Figure	  2.2.	  Figure	  2.3	  compares	  the	  intrinsic	  state	  boundary	  with	  the	  yield	  surface	  for	  a	  natural	  clay.	   	  The	  yield	  surface	   is	  a	  reflection	  of	   the	  strength	  of	   the	  material	  as	   it	   shows	   the	  stresses	  that	  can	  be	  sustained	  before	  yielding	  begins.	   	  The	  natural	  clay	  shows	  that	   it	  has	  extra	  strength,	  created	  during	  sedimentation	  and	  bonding	  of	   the	  soil	  particles,	  as	  the	  natural	  plastic	  yield	  surface	  is	  plotted	  above	  the	  intrinsic	  yield	  surface	  for	  higher	  mean	  and	  deviatoric	  stresses.	  	  If	   the	  material	   strength	   then	   varies,	   either	   increasing	   strength	   (hardening)	   or	   losing	   strength	  (softening)	   then	   the	   yield	   surface	   will	   either	   expand	   (hardening)	   or	   shrink	   (softening).	   	   A	  softening	  material	  is	  shown	  in	  Figure	  2.3,	  with	  an	  initially	  larger	  yield	  surface	  that	  shrinks	  until	  the	  intrinsic	  state	  boundary	  surface	  is	  reached.	  	  Stiff	   clays	   are	   a	   softening	  material	  with	   a	   shrinking	   yield	   surface.	   	   The	   reduction	   in	  material	  strength	   is	   related	   to	   the	   increase	   in	   strain	   within	   the	   material,	   giving	   this	   property	   of	   the	  material	  the	  name	  strain	  softening.	  	  A	  typical	  example	  for	  stiff	  clay	  is	  shown	  in	  Figure	  2.4	  for	  the	  change	   in	   shear	   strength	   with	   displacement.	   	   Displacement	   as	   well	   as	   strain	   can	   be	   used	   to	  specify	   the	   change	   in	  material	   strength	  because	   strain	   is	   the	  measure	  of	   the	   change	   in	   length	  over	  the	  original	  length.	  	  The	  displacement	  of	  the	  material	  represents	  the	  change	  in	  length.	  	  As	  the	   strain	   in	   the	  material	   increases,	   it	   concentrates	   into	   bands	   that	   can	  become	   slip	   surfaces.	  	  The	  softening	  of	  the	  material	  occurs	  when	  there	  is	  sufficient	  relative	  displacement	  between	  the	  two	  sides	  of	  a	  slip	  surface.	  	  The	  failure	  of	  stiff	  clay	  cuttings	  with	  a	  lower	  strength	  along	  the	  slip	  surface	  than	  the	  peak	  strength	  has	  been	  attributed	  to	  strain	  softening	  behaviour	  since	  the	  1960s	  (Skempton,	  1964).	  	  	  This	  will	  be	  discussed	  further	  in	  Section	  2.2.3.	  	  The	  different	  strengths	  of	  the	  clay	  are	  labelled	  at	  different	  stages	  of	  softening.	  	  The	  most	  commonly	  used	  are	  the	  peak	  strength	  before	   the	  material	   softens	   and	   the	   residual	   strength	  when	   softening	  has	   ended	   as	   shown	  on	  Figure	   2.4.	   	   The	   difference	   between	   these	   values	   identifies	   the	   brittleness	   of	   the	  material.	   	   A	  large	  difference	  between	  peak	  and	  residual	  strength	  is	  indicative	  of	  a	  highly	  brittle	  soil	  (Bishop,	  1967).	  	  From	   observations	   of	   shear	   tests	   on	   stiff	   clays,	   a	   further	   strength	   stage	   has	   been	   identified	  between	   peak	   and	   residual	   strength	   (Georgiannou	  &	   Burland,	   2006;	   Georgiannou	  &	   Burland,	  2001;	  Burland	  et	  al.,	  1996;	  Burland,	  1990).	  	  With	  the	  formation	  of	  a	  slip	  surface	  there	  is	  a	  rapid	  drop	  in	  strength	  to	  the	  post-­‐rupture	  strength	  with	  only	  a	  few	  millimetres	  of	  displacement	  along	  the	  shear	  surface.	  	  With	  further	  displacement	  the	  strength	  continues	  to	  drop	  slowly	  towards	  the	  residual	  value.	  	  The	  initial	  drop	  from	  peak	  to	  post	  rupture	  strength	  is	  more	  sudden	  and	  occurs	  with	   the	   formation	  of	   the	  slip	  surface.	   	  There	   is	   likely	  some	  alignment	  of	   clay	  particles	  at	   this	  stage	  (Skempton,	  1964).	  	  With	  increased	  displacement	  there	  is	  a	  progressive	  orientation	  of	  the	  platy	   shaped	   clay	   particles	   in	   the	   direction	   parallel	   to	   shearing,	   Figure	   2.5.	   	   This	   leads	   to	   a	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further	  reduction	  in	  strength,	  to	  the	  residual	  strength.	  	  The	  three	  stages	  of	  material	  strength	  as	  identified	  by	  Burland	  et	  al.	  (1996)	  are	  shown	  by	  the	  results	  of	  laboratory	  test	  on	  London	  Clay	  in	  Figure	  2.,	  where	   intact	   strength	   is	   equivalent	   to	  peak	   strength.	   	   	   The	  post	   rupture	   strength	   is	  shown	   to	   be	   similar	   to	   the	   intrinsic	   strength	   of	   the	   material.	   	   The	   post	   rupture	   strength	  represents	  the	  initial	  strength	  of	  the	  material	  just	  after	  a	  rupture	  surface	  forms,	  when	  bonding	  is	  destroyed	  and	  the	  material’s	  intrinsic	  properties	  dictate	  behaviour	  (Burland	  et	  al.,	  1996).	  	  
	  
Figure	  2.4	  Strain	  softening	  behaviour,	  the	  reduction	  in	  shear	  
strength	  with	  increased	  displacement	  (Skempton,	  1964)	  	  The	  strength	  parameters	  that	  are	  usually	  used	  to	  define	  strain	  softening	  depend	  on	  the	  soil	  type	  and	  period	  of	  time	  over	  which	  a	  soil	  is	  sheared.	  	  In	  a	  quick,	  undrained	  test,	  strength	  is	  defined	  as	  Su,	  the	  undrained	  shear	  strength.	  	  In	  the	  case	  of	  a	  stiff	  clay	  cutting,	  the	  length	  of	  time	  over	  which	  the	   slip	   surface	   forms	   allows	   the	   reaction	   to	   be	   drained	   and	   so	   the	   strength	   parameters	   is	  defined	  in	  terms	  of	  the	  angle	  of	  shearing	  resistance,	  φ’	  and	  cohesion,	  c’.	  	  The	  different	  values	  for	  strengths	   are	   not	   the	   only	   parameters	   that	   are	   required	   to	   define	   strain	   softening.	   	   The	  displacement	   or	   range	   of	   displacements	   at	   which	   each	   of	   the	   strengths	   are	   applicable	   is	  important	  (Leroueil,	  2001;	  Chandler,	  1984;	  Vaughan	  &	  Hamza,	  1977).	  	  These	  define	  the	  rate	  at	  which	  the	  strength	  reduction	  occurs	  and	  therefore	  the	  rate	  at	  which	  a	  slip	  surface	  will	  develop.	  	  Skempton	  (1985)	   found	  that	   the	  rate	  determined	   in	   laboratory	  and	   field	   tests	  did	  not	  vary	  by	  more	  than	  5%,	  giving	  confidence	  in	  the	  values	  obtained	  for	  softening	  limits.	  	  The	  determination	  of	  residual	  strength	  values	  is	  more	  problematic,	  with	  values	  found	  to	  depend	  on	  the	  type	  of	  test	  performed	  (Skempton,	  1985;	  Chandler,	  1984).	   	  Laboratory	   tests	  on	  remoulded	  samples,	  using	  the	  ring	  shear	  apparatus	  tended	  to	  result	  in	  a	  residual	  strength	  value	  of	  1°	  to	  3°	  lower	  than	  the	  field	  value	  (Chandler,	  1984),	  although	  this	  difference	  was	  not	  always	  found	  (Stark	  &	  Eid,	  1992).	  	  
	  	   55	  
	  	  
Figure	  2.5	  Alignment	  of	  Clay	  particles	  along	  the	  slip	  surface	  (Leroueil,	  2001)	  	  
	  Another	  parameter	   that	  has	  also	  been	  shown	  to	  be	   important	  when	  modelling	  stiff	   clay	   is	   the	  angle	  of	  dilation,	  ψ	  (Potts	  et	  al.,	  1997).	  	  This	  is	  a	  measure	  of	  the	  change	  in	  volumetric	  strain	  with	  respect	  to	  the	  change	  in	  shear	  strain.	  	  In	  overconsolidated	  clay,	  volume	  change	  of	  the	  soil	  due	  to	  dilation	   occurs	   when	   a	   soil	   is	   sheared	   (Henkel,	   1956).	   	   When	  ψ	   =	  φ’,	   the	   angle	   of	   shearing	  resistance,	   the	   plastic	   flow	   is	   said	   to	   be	   associated.	   	   The	   plastic	   flow	   is	   the	   deformation	  behaviour	   following	   yield	   of	   the	   material;	   strain	   is	   no	   longer	   elastic	   and	   recoverable,	  deformation	   is	   plastic	   and	   permanent.	   	   Associated	   behaviour	   means	   that	   the	   plastic	   strains	  correspond	  directly	  with	  the	  plastic	  yield	  surface.	  	  In	  a	  strain	  softening	  soil	  the	  yield	  surface	  will	  change	   and	   yielding	   begins,	   but	   associated	   plastic	   flow	   means	   deformation	   will	   follow	   this	  
Figure	  2.6	  Mohr-­‐Coulomb	  Strength	  envelopes	  for	  tests	  on	  London	  Clay	  from	  Ashford	  Common	  comparing	  the	  
different	  strengths	  for	  a	  stiff	  clay	  (Burland	  et	  al.,	  1996)	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changing	  surface.	  	  If	  ψ	  ≠	  φ’	  the	  flow	  and	  therefore	  analysis	  will	  be	  non-­‐associated	  and	  the	  plastic	  strains	  can	  develop	  along	  a	  separate	  surface.	   	  This	  means	  that	  excessive	  plastic	  dilation	  can	  be	  reduced	   to	   more	   realistic	   levels	   and	   will	   thus	   affect	   the	   angle	   at	   which	   the	   slip	   surface	  propagates	   (Potts	   &	   Zdravković,	   1999).	   	   Analyses	   demonstrating	   the	   effects	   of	   modelling	  associated	  strength	  for	  London	  Clay	  soil	  in	  a	  finite	  element	  analysis	  are	  presented	  in	  Appendix	  A.4.	  	  Excessive	  plastic	  dilation	  leads	  to	  unrealistic	  slip	  surface	  width.	  The	   other	   important	   soil	   property	   of	   stiff	   clay	   for	   carrying	   out	   an	   analysis	   of	   a	   cutting	   is	   the	  permeability	  of	  the	  material.	  	  Permeability	  of	  a	  clay	  soil	  is	  low	  because	  the	  small	  and	  plately	  clay	  particles	  create	  very	  long	  drainage	  paths	  within	  the	  material.	  	  The	  particle	  size	  and	  arrangement	  define	  the	  micro	  permeability	  of	  the	  soil.	   	  The	  macro	  permeability	  will	  be	  higher	  as	  it	  includes	  all	   the	  cracks	  and	   fissures	   that	   form	  over	   the	  geological	  history	  of	   the	  soil	  as	   it	   is	  compressed	  and	  moved.	   	   These	   cracks	   and	   fissures	  will	   be	   affected	   by	   the	   in-­‐situ	   stress	   of	   the	   soil.	   	  With	  increased	   stress	   some	   of	   these	   may	   close,	   reducing	   the	   permeability.	   	   This	   often	   causes	   a	  reduction	  of	  permeability	  with	  depth	  in	  fissured	  materials,	  such	  as	  stiff	  clays.	   	  The	  variation	  of	  permeability	   with	   depth	   for	   London	   Clay	   from	   west	   London	   reduces	   from	   1x10-­‐9ms-­‐1	   at	   the	  surface	  to	  1x10-­‐11ms-­‐1	  at	  20	  m	  depth	  (Hight	  et	  al.,	  2007).	  The	  properties	  of	  stiff	  clay	  will	  aid	  the	  explanation	  of	  soil	  response	  to	  the	  excavation	  of	  a	  cutting	  and	  when	   the	   use	   of	   stabilisation	   piles	   is	  modelled.	   	   Although	   there	   is	   variation	   between	   the	  different	   stiff	   clays,	   they	   are	   similar	   in	   terms	   of	   their	   high	   stiffness,	   strain-­‐softening	   strength,	  over	   consolidated	  nature	  and	   low	  permeability.	   	  The	   stiffness	  of	   this	  material	   is	   related	   to	   its	  stress	   history	   and	   the	   degree	   of	   over	   consolidation.	   The	   strain	   softening	   nature	   of	   stiff	   clay	  shrinks	  the	  plastic	  yield	  surface	  and	  reduces	  the	  strength	  of	  the	  material	  in	  areas	  of	  high	  strain.	  	  The	  difference	  between	  the	  peak	  and	  fully	  softened	  residual	  strength	  illustrates	  the	  brittleness	  of	   the	  material.	   	  The	  strength	   is	  defined	  as	  per	  the	  Mohr-­‐Coulomb	  criterion,	  using	  φ’	  and	  c’	  at	  certain	  strains	  or	  displacements.	   	  To	  model	  the	  soil	  effectively	  these	  properties	  and	  behaviour	  should	  be	  considered.	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 Slope	  Failure	  in	  Stiff	  Clay	  Cuttings	  2.2.This	  section	  will	   look	  at	   the	  observed	  behaviour	  of	  stiff	  clay	  cuttings.	   	   If	  an	  excavated	  slope	   is	  sufficiently	  steep	  and	  the	  soil	  properties	  are	  conducive,	  then	  a	  continuous	  slip	  surface	  will	  form	  and	  soil	  will	  move	  down	  the	  slope.	   	  This	  is	  classified	  as	  failure	  of	  the	  slope.	   	  There	  are	  several	  contributing	   factors	   that	   influence	   failure,	   and	   slope	   failure	   can	   therefore	   be	   categorised	   in	  terms	  of	  depth	  of	  the	  slip	  surface,	  time	  to	  failure	  and	  mechanisms	  leading	  to	  failure.	   	  For	  deep	  seated	  first	  time	  failure	  of	  a	  cut	  slope	  in	  stiff	  clay,	   there	   is	  more	  than	  one	  mechanism	  that	  can	  lead	   to	   failure.	   	  Slow	  pore	  water	  equilibration	  after	   the	  cutting	   is	  made	  delays	   the	   failure	  of	  a	  slope	  and	  the	  strain	  softening	  nature	  of	  the	  soil	  causes	  an	  increase	  in	  the	  rate	  of	  failure	  as	  a	  slip	  surface	  develops.	  	  These	  failure	  mechanisms	  are	  referred	  to	  as	  delayed	  and	  progressive	  failure	  and	  will	  be	  discussed	  individually	  although	  they	  can	  act	  concurrently	  within	  the	  slope.	  	  The	  soil	  properties	   of	   stiff	   clay	   dictate	   the	   reaction	   of	   the	   material	   when	   a	   cutting	   is	   made	   and	   will	  influence	  these	  failure	  mechanisms.	  	  Soil	  properties	  may	  vary	  within	  stiff	  clay	  or	  for	  the	  type	  of	  stiff	  clay	  that	  is	  under	  consideration.	   	  Previous	  investigations	  have	  demonstrated	  the	  expected	  difference	  in	  behaviour	  of	  stiff	  clay	  cuttings	  with	  variation	  of	  soil	  parameters.	  	  The	  influence	  of	  soil	  properties	  and	  the	  expected	  behaviour	  of	  a	  stiff	  clay	  cutting	  will	  be	  concluded	  at	  the	  end	  of	  this	  section	  as	  a	  reference	  for	  future	  analyses.	  	  
2.2.1. Processes	  occurring	  at	  shallow	  depths	  Slope	  instability	  in	  stiff	  clay	  slopes	  can	  be	  classified	  as	  either	  a	  short	  term	  or	  a	  long-­‐term	  failure,	  which	   could	   also	   generally	   be	   classified	   as	   shallow	   and	   deep-­‐seated	   failures	   respectively	  (Chandler,	  1974).	  	  The	  processes	  that	  lead	  to	  failure	  are	  controlled	  mostly	  by	  the	  deformation	  of	  the	  soil,	  the	  causes	  of	  which	  are	  different	  for	  shallow	  and	  deep	  failures.	  	  Shallow	  slips	  occur	  due	  to	   the	   non-­‐recoverable	   plastic	   strains	   and	   cracking	   of	   soil	   after	   repeated	  wetting	   and	   drying	  cycles	   in	   the	   top	   layer	   (Ellis	  &	  O'Brien,	   2007).	   	   Deep	   slips	   occur	   due	   to	   a	   combination	   of	   the	  reaction	   to	   the	  unloading	  of	   the	   soil	   during	   excavation	  and	   the	   soil	   properties.	   	  Although	   this	  project	   is	  concerned	  with	   long	  term,	  deep-­‐seated	  failures,	   the	  causes	  of	  short-­‐term	  failure	  will	  give	  a	  more	  complete	  picture	  of	  all	  processes	  acting	  on	   the	  cut	  slope	  during	   its	   lifetime.	   	  This	  project	   will	   not	   be	   investigating	   the	   stabilisation	   of	   shallow	   failures.	   	   The	   methods	   used	   to	  stabilise	  shallow	  failures	  will	  be	  discussed	  in	  relation	  to	  stabilisation	  piles,	  to	  show	  the	  different	  approach	  required	  for	  different	  situations.	   	  An	  understanding	  of	  the	  causes	  of	  shallow	  failures	  will	  be	  useful	  for	  this	  discussion.	  In	   a	   temperate	   climate	   like	   the	  United	  Kingdom,	   the	   top	  most	   layers	  of	   soil	   experience	  major	  annual	   pore	   pressure	   variations	   from	   the	   seasonal	  wetting	   and	   drying	   cycles	   and	   due	   to	   the	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presence	  or	  absence	  of	  vegetation	  (Vaughan	  &	  Walbancke,	  1973).	  These	  processes	  change	  the	  pore	  pressures	  in	  these	  layers	  of	  soil	  by	  removing	  or	  adding	  water	  to	  the	  pores	  between	  the	  soil	  particles.	   Sufficient	  water	   can	   be	   removed	   from	   the	   soil	   to	   cause	   pore	  water	   pressures	   to	   be	  negative,	  when	  they	  are	  then	  referred	  to	  as	  suctions.	  Pore	  water	  pressures	  above	  the	  phreatic	  line	  or	  water	  table	  will	  be	  negative	  as	  this	  line	  is	  the	  limit	  of	  saturated	  soil	  and	  zero	  pore	  water	  pressure.	  	  In	  the	  UK,	  the	  average	  depth	  of	  the	  phreatic	  surface	  over	  a	  year,	  in	  a	  low	  permeability	  soil	  such	  as	  clay,	   is	  reported	  as	  being	  at	  1m	  below	  the	  surface,	  with	  a	  suction	  of	  -­‐10kPa	  at	  the	  surface	   (Vaughan,	   1994;	   Vaughan	  &	  Walbancke,	   1973).	   	   Shallow	   slope	   failures	   are	   in	   general	  translational	  or	  sub-­‐planar	  and	  predominantly	  associated	  with	  the	   layer	  of	  soil	   from	  the	  slope	  surface	  to	  the	  lowest	  depth	  that	  the	  phreatic	  surface	  drops	  to	  (Ellis	  &	  O'Brien,	  2007).	  	  This	  is	  the	  layer	  in	  which	  pore	  pressures	  vary	  seasonally	  and	  may	  include	  the	  top	  few	  meters	  of	  soil.	  	  	  The	   seasonal	   wetting	   and	   drying	   cycle	   can	   lead	   to	   movement	   of	   soil	   particles	   and	   therefore	  increase	  the	  permeability	  of	  the	  soil	  mass.	   	  As	  a	  soil	  dries	  and	  water	  is	  progressively	  removed	  from	  the	  soil,	  air	  will	  enter	  the	  soil	  matrix	  (Fredlund	  &	  Rahardjo,	  1993).	   	  The	  water	  at	  the	  air-­‐water	   interface	  experiences	  more	  pull	   towards	   the	  water	   than	   towards	   the	  air.	   	  This	  causes	  a	  curved	   surface	   or	   interface	   to	   form.	   	   The	   phenomenon	   is	   called	   surface	   tension.	   	  Where	   the	  width	  of	  the	  interface	  is	  small,	  for	  example	  the	  distance	  between	  two	  soil	  particles,	  the	  surface	  can	   become	   significantly	   curved.	   	   The	   surface	   tension	   on	   the	   curved	   interface	   can	   create	   an	  additional	   compressive	   force	   between	   the	   soil	   particles,	   pulling	   them	   closer	   together.	   These	  compressive	  forces	  and	  suctions	  create	  an	  added	  strength	  for	  the	  soil,	  which	  will	  be	  lost	  when	  the	  area	  is	  once	  again	  saturated	  (Fredlund	  &	  Rahardjo,	  1993).	   	  The	  movement	  of	  soil	  particles	  can	   be	   permanent	   and	   may	   cause	   increased	   permeability.	   	   High	   suctions	   form	   in	   the	  unsaturated	   zone	   as	   the	   soil	   dries	   out	   and	   soil	   particles	   are	   pulled	   together.	   	   This	   leads	   to	  desiccation	  cracking	  and	  a	  build	  up	  of	  plastic	  strains	   in	   the	  soil.	   	  Root	  growth	  can	  also	   lead	  to	  high	   suctions	   through	   water	   removal,	   which	   will	   vary	   over	   the	   seasons	   depending	   on	   plant	  growth.	  	  	  With	  each	  cycle	   there	   is	  more	  movement	  and	  strain,	  which	  weakens	  this	   layer	  of	   the	  soil.	  The	  risk	  of	  shallow	  failure	   is	   likely	  to	  be	  dominated	  by	  the	  type	  and	  coverage	  of	  vegetation	  on	  the	  slope,	  which	  will	  control	  the	  seasonal	  shrink/swell	  cycle	  (Smethurst	  &	  Powrie,	  2007).	  	  The	  loss	  of	  added	  strength	  when	  soil	  becomes	  saturated	  again	  also	  means	  that	  many	  slope	  failures	  occur	  after	  periods	  of	  rainfall	  or	  when	  vegetation	  is	  removed	  (Geotechnical	  Consulting	  Group,	  2007).	  At	  this	  point,	  the	  additional	  strength	  attributed	  to	  the	  suction	  in	  the	  soil	  is	  lost	  as	  the	  soil	  matrix	  is	  flooded.	  	  The	  added	  weight	  of	  water	  in	  the	  soil	  also	  increases	  the	  unstable	  forces	  acting	  in	  the	  slope.	  Work	  by	  GCG	  (2007)	  and	  Kovacevic	  (1994)	  showed	  that	  shallow	  failures	  occur	  in	  the	  first	  10	  to	  20	  years	  after	  excavation	  or	  in	  response	  to	  a	  change	  such	  as	  the	  removal	  of	  vegetation.	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2.2.2. Processes	  affecting	  the	  formation	  of	  deep	  slip	  surfaces	  Deep-­‐seated	   failures	   have	   been	   shown	   to	   occur	   decades	   after	   excavation	   and	  more	   than	   100	  years	  after	  excavation	  in	  the	  case	  of	  some	  railway	  cuttings	  (Kovacevic,	  1994).	   	  There	  has	  been	  extensive	   research	   in	   to	   the	   deep-­‐seated	   failure	   of	   cut	   stiff	   clay	   slopes.	   	   In	   most	   cases	   the	  observed	  long-­‐term	  failure	  that	  occurred	  in	  railway	  cuttings	  can	  be	  classified	  as	  first	  time	  slides	  because	   they	   took	  place	   in	  previously	  unsheared	  material	   (Skempton,	  1964).	   	  The	   removal	  of	  the	  soil	  during	   the	  excavation	  of	  a	  cutting	  reduces	   the	   lateral	  and	  vertical	  confining	  pressures	  adjacent	  to	  and	  below	  the	  excavation,	  which	  allows	  swelling	  of	  the	  soil.	  	  This	  causes	  an	  increase	  in	   voids	   ratio	   and	   a	   flow	   of	  water	   from	   adjacent	   areas	   (Duncan,	   1996).	   	   The	   swelling	  will	   be	  most	  pronounced	  at	  the	  toe	  of	  the	  slope	  where	  there	  is	  the	  largest	  reduction	  in	  both	  vertical	  and	  lateral	  stress.	  This	  causes	  an	  area	  of	  weakness	   to	   form.	   	   In	  a	  previously	  unsheared	  material,	  a	  slip	  surface	  is	  likely	  to	  develop	  from	  this	  area	  at	  the	  toe	  and	  continue	  inwards	  (Bjerrum,	  1967).	  There	   are	   two	   processes	   contributing	   to	   these	   delayed	   deep-­‐seated	   failures;	   a	   monotonic	  increase	   in	  pore	  pressure	  within	  the	  slope	  combined	  with	  the	  brittle	  strain	  softening	  strength	  behaviour	  of	  stiff	  clay	  (Ellis	  &	  O'Brien,	  2007;	  Skempton,	  1964).	  	  The	  low	  permeability	  slows	  the	  equilibration	  of	  pore	  water	  pressures	   after	   excavation	  giving	   the	  material	  prolonged	   strength	  and	   the	   slope	   prolonged	   stability.	   	   The	   brittle	   nature	   of	   the	   fabric	   causes	   strain-­‐softening	  behaviour	  that	  reduces	  the	  strength	  of	  the	  material	  once	  it	  starts	  to	  fail,	  leading	  to	  progressive	  failure	   (Potts	   et	   al.,	   1997).	   	   These	   two	   processes	  will	   be	   described	   in	  more	   detail	   in	   Sections	  2.2.3	  and	  2.2.4.	  	  
2.2.3. Delayed	  Failure	  The	  permeability	   and	   its	   variation	  has	  a	   large	   influence	  on	   the	  pore	  water	  pressure	   response	  which	  can	  be	  considered	  at	  different	  stages	  in	  the	  lifetime	  of	  the	  cutting,	  in	  the	  short	  term,	  long	  term	  and	  over	  an	  intermediate	  time	  period.	   	  The	  pore	  water	  pressure	  response	  also	  highlights	  the	  difference	  between	  embankments	  and	  cutting	  slopes	  and	  will	  aid	  the	  explanation	  of	  delayed	  failure	  of	  stiff	  clay	  cuttings.	   	  The	  low	  permeability	  of	  saturated	  stiff	  clay	  means	  that	  during	  the	  excavation	   of	   a	   cutting	   in	   this	   material,	   the	   clay	   behaves	   in	   an	   undrained	   manner.	   	   The	  excavation	  unloads	  the	  adjacent	  soil	  by	  different	  amounts	  from	  the	  crest	  of	  the	  slope	  to	  the	  toe.	  	  Figure	   2.7	   shows	   the	   pore	  water	   pressure	   response	   of	   soil	   at	   point	   P	   beneath	   the	   slope	   and	  below	  the	  level	  of	  the	  base	  of	  the	  excavation,	  Figure	  2.7(c).	  	  The	  responses	  of	  two	  soil	  types	  are	  compared	  with	  over	  consolidated	  clay	  represented	  by	  dilatant	  soil	  behaviour	  and	  a	  contractant	  soil	  representing	  a	  normally	  consolidated	  clay.	   	   	  Delayed	  failure	  of	  a	  cut	  slope	   is	  caused	  by	  an	  initial	   reduction	   in	   pore	   water	   pressures	   that	   slowly	   dissipates	   over	   time.	   A	   non-­‐softening,	  normally	  consolidated	  clay	  cut	  slope	  also	  experiences	  an	  initial	  drop	  and	  then	  increase	  in	  pore	  
	  	   60	  
water,	  as	  shown	  in	  Figure	  2.7.	  	  If	  the	  dimensions	  of	  the	  slope	  are	  conducive,	  the	  delayed	  failure	  of	  a	  clay	  slope	  can	  occur	  in	  clay	  that	  has	  a	  constant	  strength,	  not	  just	  a	  strain	  softening	  soil.	  	  
	  
Figure	  2.7	  Comparing	  the	  response	  of	  contractant	  and	  dilatant	  soil	  to	  excavation	  of	  a	  cutting	  in	  terms	  of	  (a)	  
Equilibration	  of	  pore	  pressure	  and	  (b)	  change	   in	   factor	  of	  safety	  over	   time.	  Figure	  adapted	   from	  Duncan	  &	  
Wright	  (2005)	  and	  Bishop	  Bjerrum	  (1960).	  	  The	  drop	   in	  pore	  water	  pressure	  during	  excavation	   is	  due	   to	   the	   removal	  of	  material	   and	   the	  properties	  of	  the	  soil.	  	  The	  removal	  of	  material	  causes	  a	  reduction	  in	  the	  total	  stress	  imposed	  on	  the	   soil.	   	  The	   low	  permeability	  of	   clay	  does	  not	  allow	   for	   the	   immediate	  equilibration	  of	  pore	  water	  pressures	  within	  the	  soil	  and	  so	  the	  response	  of	  pore	  water	  pressure	  to	  unloading	   is	   to	  reduce	   both	   beneath	   and	   adjacent	   to	   the	   excavation.	   	   The	   hydraulic	   boundary	   conditions	   are	  changed	   to	   an	   unsteady	   state	   (Ellis	  &	  O'Brien,	   2007).	   	   This	   is	   the	   short-­‐term	   response	   to	   the	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excavation,	  corresponding	  to	  the	  first	  section	  of	  Figure	  2.7.	  	  With	  time	  the	  pore	  water	  pressures	  gradually	   recover	   (increase)	   towards	   the	   long-­‐term	   equilibrium	   or	   steady	   state	   values	   of	   the	  new	   hydraulic	   boundary	   conditions,	   Figure	   2.8(b).	   	   This	   is	   shown	   in	   Figure	   2.7	   by	   the	  dissipation	  and	  equilibrium	  sections.	  The	   increase	   in	   pore	   water	   pressure	   occurs	   due	   to	   water	   recharge	   and	   swelling	   of	   the	   soil.	  	  Water	  slowly	  recharges	  the	  soil	   from	  the	  surrounding	  bedrock	  and	  from	  the	  surface.	   	  The	  soil	  swells	  due	  to	  this	  inflow	  of	  water	  and	  also	  due	  to	  some	  rebound	  of	  the	  soil	  after	  the	  unloading	  of	  the	   soil	   during	   excavation	   of	   the	   cutting.	   	   The	   increase	   in	   pore	   water	   pressure	   during	   the	  dissipation	  stage	  causes	  a	  reduction	   in	  mean	  effective	  stress	  (the	  difference	  between	  the	   total	  stress	  and	  pore	  water	  pressure).	  	  The	  shear	  strength	  of	  the	  soil	  has	  a	  direct	  relationship	  to	  the	  effective	  stress;	  a	  reduction	  in	  effective	  stress	  reduces	  the	  shear	  strength	  and	  thus	  the	  stability	  of	   the	   cut	   slope.	   	   This	   can	   lead	   to	   a	   delayed	   failure	   for	   slopes	   of	   certain	   heights	   and	   angles,	  before	  a	  long-­‐term	  equilibrium	  pore	  pressure	  is	  reached	  (Vaughan	  &	  Walbancke,	  1973).	  	  This	  is	  illustrated	  by	  the	  change	  in	  factor	  of	  safety	  over	  time	  in	  Figure	  2.7(b)	  and	  Figure	  2.8(b).	  	  The	   rate	   of	   change	   to	   reach	   the	   equilibrium	   or	   steady	   state	   value	   of	   pore	  water	   pressures	   is	  controlled	  by	  the	  swelling	  of	  the	  clay,	  which	  is	  governed	  by	  the	  permeability	  and	  stiffness	  of	  the	  soil	  and	  the	  prevailing	  drainage	  boundary	  conditions	  (Kovacevic,	  1994).	  	  The	  low	  permeability	  and	  high	  stiffness	  of	  intact	  stiff	  over	  consolidated	  clays	  means	  that	  the	  swelling	  and	  equilibrium	  process	   may	   take	   several	   decades	   (Vaughan	   &	   Walbancke,	   1973).	   	   Finite	   element	   analyses	  presented	   by	   Kovacevic	   (1994)	   and	   Potts	   et	   al.	   	   (1997)	   model	   coupled	   consolidation	   of	   an	  excavated	   slope	   for	   both	   softening	   and	   non-­‐softening	   soils.	   	   The	   results	   confirm	   that	   delayed	  failure	   took	   place	   when	   the	   pore	   pressures	   were	   between	   the	   short	   term	   and	   long	   term	  conditions,	  at	  an	  intermediate	  stage.	   	  This	  was	  illustrated	  by	  comparing	  the	  average	  local	  pore	  pressure	  ratio	  (Equation	  (2.4))	  (Chandler,	  1974)	  along	  the	  rupture	  surface	  at	  failure	  compared	  to	   the	   equilibrium	   value	   (Potts	   et	   al.,	   1997).	   	   The	   value	   of	   ru*	   at	   failure	   was	   lower	   than	   the	  equilibrium	  for	  both	  softening	  and	  non-­‐softening	  soils.	  	  Delayed	  failure	  of	  excavated	  slopes	  does	  not	  require	  a	  material	  to	  be	  strain	  softening.	  	  	  
𝑟!∗ = 𝑢𝜎!	   (2.4)	  	  Pore	  pressure	  ratio	  	  Even	  though	  the	  pore	  water	  pressures	  have	  not	  had	  time	  to	  equilibrate	  at	  failure,	  it	  can	  still	  take	  decades	  for	  the	  pore	  water	  pressures	  to	  reach	  a	  level	  that	  induces	  failure.	  	  	  The	  pore	  pressures	  for	  London	  Clay	  excavated	  slopes,	  with	  heights	  mostly	  between	  6m	  and	  12m,	  are	  presented	  in	  terms	  of	  ru*	  and	  time	  since	  excavation	  in	  Figure	  2.8(a).	  	  It	  takes	  over	  40	  years	  for	  equilibration	  of	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pore	  pressures	  in	  these	  slopes	  (Chandler,	  1974).	   	  It	  was	  reported	  by	  GCG	  (2007)	  following	  the	  collation	  of	  published	  information	  by	  the	  Highways	  Agency	  that	  for	  railway	  cuttings	  excavated	  in	   stiff	   clay	   over	   a	   period	   of	   120	   years,	   the	  majority	   of	   slope	   failures	   occurred	  more	   than	   50	  years	  after	  excavation.	  	  Slope	  failures	  have	  occurred	  in	  slopes	  after	  pore	  pressures	  have	  already	  equilibrated.	   	  This	   implies	   that	   the	  slope	   failure	  must	  be	  attributed	  at	   least	   in	  part	   to	  another	  mechanism	  (Skempton,	  1977).	  	  The	  role	  of	  progressive	  failure	  in	  the	  failure	  of	  stiff	  clay	  cuttings	  is	  discussed	  in	  the	  subsequent	  Section,	  2.2.4.	  	  
	  
Figure	  2.8	  Age	  of	  an	  excavated	  slope	  (aka	  cutting)	  compared	  to	  (a)	  the	  pore	  water	  pressures	  (Chandler,	  1984)	  
and	  (b)	  the	  factor	  of	  safety	  value,	  assessed	  using	  the	  values	  from	  part	  (a)	  of	  this	  Figure	  by	  Leroueil	  (2001).	  	  For	  
cuttings	  in	  weathered	  ‘brown’	  London	  clay.	  	  
2.2.4. Progressive	  Failure	  Progressive	   failure	  of	  a	  slope	  refers	  to	  the	  non-­‐uniform	  mobilisation	  of	  shear	  strength	  along	  a	  potential	  rupture	  surface	  (Potts	  et	  al.,	  1997).	  	  It	  occurs	  in	  a	  brittle	  soil,	  such	  as	  a	  stiff	  plastic	  clay,	  when	  the	  slope	  dimensions	  and	  soil	  conditions	  cause	  a	  failure	  surface	  to	  form.	  	  The	  strain	  that	  develops	   on	   this	   failure	   surface	   activates	   the	   strain	   softening	   property	   of	   the	   soil,	   potentially	  leading	   to	   a	   sudden,	   brittle	   slope	   failure.	   	   The	   causes	   of	   strain	   softening	   in	   a	   stiff	   clay	   have	  previously	  been	  discussed	  in	  Section	  2.1	  and	  these	  will	  be	  expanded	  in	  this	  section	  within	  the	  context	  of	  the	  failure	  of	  a	  cutting	  in	  stiff	  clay.	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The	  typical	  change	   in	  mobilised	  shear	  strength	  with	  displacement	   for	  a	  strain	  softening	  soil	   is	  illustrated	  in	  Figure	  2.4	  and	  in	  the	  small	  charts	  within	  Figure	  2.9.	  	  This	  is	  given	  in	  terms	  of	  shear	  strength	   in	  Figure	  2.4	  or	  the	  shear	  stress	  that	  a	  material	  can	  sustain	   in	  Figure	  2.9.	   	  This	   is	   the	  strength	  or	  stress	  of	  the	  material	  in	  the	  direction	  of	  the	  force,	  which	  in	  this	  case	  is	  parallel	  to	  the	  slip	   surface.	   	   Strain	   softening	   soil	   undergoes	   a	   reduction	   in	  material	   strength	  with	   increasing	  strain	  along	  the	  slip	  surface.	  	  A	  residual	  strength	  is	  eventually	  reached	  at	  which	  there	  will	  be	  no	  change	   in	   strength	   for	   infinite	   increase	   in	   strain	   (Burland,	  1990).	   	   The	   average	  drained	   shear	  strength	  of	   a	   slip	   surface	   at	   failure	  of	   stiff	   clay	   cuttings	   in	  delayed	   slides	   can	  be	   estimated	  by	  back	  analysis	  using	  conventional	  limit	  equilibrium	  methods.	   	  In	  many	  cases	  it	  has	  been	  shown	  that	   the	   strength	   at	   failure	   is	   lower	   than	   the	   peak	   strength	   measured	   in	   the	   laboratory	   but	  higher	  than	  the	  residual	  strength	  (Skempton,	  1964).	  	  	  
	  
Figure	   2.9	   Development	   of	   progressive	   failure	   over	   time	   of	   an	   excavated	   slope	   in	   overconsolidated	   clay	  
(Duncan	  &	  Wright,	  2005)	  	  Figure	  2.9	   illustrates	   the	  progression	  of	  progressive	   failure	  over	   time.	   	  The	  slope	   is	  excavated	  which	   causes	   a	   rebound	   of	   the	   remaining	   material	   as	   the	   load	   on	   it	   is	   reduced	   and	   a	   slow	  increase	   in	   pore	  water	   pre.	   	  A	   rupture	   surface	  will	   begin	   to	   develop	   in	   the	   areas	  where	  peak	  strength	  is	  first	  mobilized,	  which	  for	  a	  cutting	  is	  at	  the	  toe	  of	  the	  slope.	  	  As	  the	  material	  in	  this	  area	  weakens,	   there	   is	   a	   transfer	  of	   load	   to	   the	   surrounding	   soil	   and	   strain	  along	   the	   rupture	  surface	  will	  increase,	  causing	  a	  progressive	  reduction	  in	  strength	  from	  peak	  to	  residual.	  Collapse	  
	  	   64	  
of	  the	  slope	  can	  occur	  before	  the	  rupture	  surface	  has	  fully	  developed.	  	  This	  will	  mean	  that	  there	  is	  an	  average	  strength	  across	  the	  failure	  surface	  that	  is	  less	  than	  peak	  but	  more	  than	  residual.	  In	  clay,	  the	  reduction	  in	  strength	  from	  peak	  to	  residual	  is	  due,	  at	  least	  in	  part,	  to	  the	  alignment	  of	  platy	  clay	  particles	  along	  the	  rupture	  surface	  as	  there	  is	  relative	  movement	  along	  it.	  When	  clay	  content	  is	  low,	  the	  greater	  numbers	  of	  rounded	  granular	  particles	  control	  strength.	  	  These	  will	  not	  orientate	  significantly	  with	  increasing	  displacement	  along	  the	  shear	  surface.	  	  In	  this	  case	  the	  peak	  and	  residual	  strengths	  coincide	  at	  a	  high	  value,	  with	  very	  little	  strain	  softening.	  	  For	  a	  soil	  with	   a	   plasticity	   index	   greater	   than	   35%	   brittle	   behaviour	   is	   expected	   (Burland,	   1990).	   	   The	  aligned,	  platy	  clay	  particles	  produce	  a	  low	  friction	  surface	  giving	  a	  residual	  strength	  lower	  than	  the	  peak.	  	  The	  brittleness	  of	  the	  soil,	  the	  difference	  between	  peak	  and	  residual	  strength	  affects	  the	  process	  of	   progressive	   failure.	   	   Borderline	   failure	  was	   observed	   by	   (Ellis	  &	  O'Brien,	   2007)	  where	   the	  slope	  was	   stable	   for	   a	   period	  when	  horizontal	   displacement	   at	   the	   toe	   did	   not	   increase.	   	   The	  displacement	  would	  then	  begin	  to	  increase	  again	  and	  fail	  before	  the	  end	  of	  the	  time	  allotted	  for	  the	  analysis.	  	  This	  situation	  was	  less	  common	  for	  the	  more	  brittle	  strength	  model,	  where	  partial	  recovery	  from	  progressive	  failure	  was	  evidently	  less	  likely.	  The	  rate	  of	  strain	  softening,	  the	  amount	  of	  strain	  over	  which	  peak	  strength	  reduces	  to	  residual	  was	  shown	  to	  also	  affect	  the	  failure	  of	  a	  slope.	   	  Modifying	  the	  rate	  of	  strain	  softening	  modified	  the	  failure	  height	  of	  a	  slope	  considerably,	  increasing	  the	  rate	  gives	  more	  brittle	  behaviour	  with	  less	  dissipation	  of	  energy	  and	  so	  the	  failure	  height	  is	  reduced	  (Ellis	  &	  O'Brien,	  2007).	  	  This	  rate	  is	  difficult	   to	  establish	  (Kovacevic,	  1994)	  and	  values	  are	  often	  assumed	   from	  reverse	  shear	  or	  ring	  shear	   test	   results	   that	  are	  not	   carried	  out	  over	  a	   comparable	   time	   to	   the	  development	  of	  shear	  surface	  in	  the	  field.	  	  The	  inclusion	  of	  a	  post	  rupture	  strength	  as	  defined	  by	  Burland	  (1990)	  can	   make	   the	   modelling	   of	   strain	   softening	   behaviour	   more	   robust	   (Ellis	   &	   O'Brien,	   2007).	  	  Brittleness	   is	   also	   affected	  by	   clay	   fraction,	   plasticity	   index,	   soil	   bonding	  or	   structure	   and	   the	  over	  consolidation	  ratio	  (Ellis	  &	  O'Brien,	  2007).	  	  
2.2.5. Effects	  of	  Soil	  Properties	  on	  Failure	  Failure	   in	   excavated	   slopes	   is	   greatly	   influenced	   by	   the	   material	   properties	   of	   the	   stiff,	   over	  consolidated	  clay.	   	  The	  values	  employed	  should	  be	  representative	  of	  the	  soil	  to	  model	  delayed	  and	  progressive	  failure	  in	  a	  realistic	  way.	  	  The	  soil	  parameters	  will	  of	  course	  vary	  depending	  on	  the	  type	  stiff	  clay	  that	  is	  being	  modelled.	  The	  degree	  of	  over	  consolidation	  and	  the	  brittleness	  of	  the	  material	   will	   vary	   depending	   on	   the	   clay.	   	   The	  material	   structure	  may	   also	   influence	   the	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results,	   for	   example	   Oxford	   Clay	   has	   anisotropic	   strength	   distribution	   (Wilkinson	   &	   Fenton,	  2010).	  	  Smethurst	  (2007)	  referred	  to	  the	  Weald	  Clay	  as	  a	  thinly	  laminated	  closely	  fissured	  clay,	  with	  occasional	   ironstones.	   	  The	  analyses	   in	  this	  thesis	   focus	  on	  the	  behaviour	  of	  London	  Clay	  modelled	  with	  isotropic	  strength.	  	  This	  is	  a	  simplification	  of	  the	  natural	  London	  Clay	  properties,	  which	  shows	  an	  increased	  degree	  of	  anisotropy	  with	  depth	  for	  peak	  undrained	  shear	  strength	  and	   stiffness	   (Hight	   et	   al.,	   2007;	   Nishimura	   et	   al.,	   2007).	   	   This	   section	   presents	   the	   expected	  response	  to	  a	  variation	  in	  soil	  properties.	  	  This	  is	  presented	  in	  terms	  of	  evidence	  from	  analyses,	  observations	  presented	  in	  the	  literature	  and	  predicted	  from	  an	  understanding	  of	  soil	  behaviour.	  	  The	  soil	  properties	  discussed	  are	  over	  consolidation,	  soil	  strength,	  permeability	  and	  stiffness.	  	  Stiff	  clays	  referred	  to	  here	  are	  over	  consolidated	  clays	  that	  exhibit	  strain	  softening	  behaviour.	  	  It	  was	  shown	  by	  Potts	  et	  al.	   	   (1997)	  that	   the	  degree	  of	  over	  consolidation	   influences	  the	  time	  to	  failure	   and	   the	   shape	   of	   the	   failure	   surface.	   	   Analyses	   simulated	   excavated	   slopes	  made	   in	   a	  softening	  soil,	  with	  the	  only	  difference	  between	  the	  analyses	  the	  coefficient	  of	  earth	  pressure	  at	  rest,	  K0.	   	  Figure	  2.10	  show	  the	  wide	  variation	   in	   time	   to	   failure	  and	   the	   location	  of	   the	   failure	  surface.	   	   If	  K0	   is	  greater	   than	  1.0	   it	   indicates	   that	   the	  soil	   is	  over	  consolidated.	   	  The	   larger	   the	  value	  of	  K0,	  the	  higher	  the	  lateral	  stresses	  in	  the	  soil	  compared	  to	  the	  vertical	  stresses.	  	  The	  soil	  remaining	  after	   the	  excavation	  of	   the	  slopes	   is	   therefore	  releasing	  greater	   lateral	  stresses	  and	  this	  results	  in	  different	  slope	  movements	  and	  slip	  surface	  development,	  as	  shown	  in	  Figure	  2.10.	  	  The	   value	   chosen	   for	   this	   parameter	   could	   have	   a	   considerable	   effect	   on	   time	   to	   failure	   and	  position	   of	   the	   slip	   surface.	   	   A	   change	   in	   slip	   surface	   position	   will	   change	   the	   loading	   of	   a	  stabilisation	  pile	  within	  an	  unstable	  slope.	  As	  discussed	   in	   Section	  2.1,	   there	   is	   typically	   a	  difference	  between	   the	   value	  obtained	   for	   the	  angle	  of	  shearing	  resistance	  at	   residual	  strength	   in	   laboratory	   tests	  and	   in	   the	   field.	   	  Analyses	  were	  performed	  by	  Kovacevic	  (1994)	  to	  investigate	  the	  influence	  of	  this	  strength	  parameter,	  for	  three	  sets	  of	  analyses	  with	  different	  K0	  values.	  	  The	  residual	  angle	  of	  shearing	  resistance	  φ’r	  was	  increased	  from	  10°	  to	  13°.	  	  This	  resulted	  in	  an	  increase	  in	  time	  to	  failure	  from	  28.4	  to	  33.4	  years,	  11.4	  to	  15.9	  years	  and	  12.6	  to	  34.6	  years,	  for	  analyses	  with	  a	  K0	  of	  1.0,	  1.5	  and	  2.0	  respectively	  (Kovacevic,	   1994).	   	   The	   pore	   water	   pressures	   calculated	   at	   collapse	   for	   the	   finite	   element	  analyses	  were	  lower	  than	  those	  observed	  in	  the	  field	  when	  the	  smaller	  residual	  strength	  value	  was	  employed,	  the	  larger	  13°	  value	  from	  field	  test	  was	  then	  employed.	  	  The	  difference	  in	  time	  to	  failure	   for	   these	   analyses	   illustrates	   the	   effect	   of	   this	   value	   and	   it	   is	   therefore	   important	   to	  employ	  realistic	  values	  for	  soil	  strength.	  	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1997)	  showed	  that	  although	  the	  angle	  of	  dilation,	  ψ	  did	  not	  significantly	  affect	  the	  time	  to	  failure,	  it	  did	  change	  the	  position	   of	   the	   failure	   surface,	   Figure	   2.11.	   	   This	   could	   be	   an	   important	   effect	   once	   piles	   are	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placed	   in	   the	   slope	   as	   a	   change	   in	   slip	   surface	   location	   could	   affect	   the	   performance	   of	  stabilisation	  piles.	  The	  permeability	  of	  the	  soil	  affects	  the	  time	  to	  equilibration	  of	  depressed	  pore	  water	  pressures	  caused	  by	   the	  excavation	  of	   a	   slope	   in	   clay.	   	  The	   increase	   in	  pore	  water	  pressure	   reduces	   the	  stability	  of	   the	   slope	  as	  discussed	   in	  Section	  2.2.3	  and	  shown	   in	  Figure	  2.7.	   	  Permeability	  will	  therefore	   affect	   the	   time	   to	   slope	   failure.	   	   Two	   permeability	   profiles,	   both	   representative	   of	  London	  Clay	  permeability	  measurements	  from	  various	  sites	  (Hight	  et	  al.,	  2007),	  were	  employed	  by	  Kovacevic	  et	   al.	   (2007).	   	   Finite	  element	  analyses	  were	  performed	   for	  a	   stepped	  slope	  20m	  high	   in	   total	  with	  1	   to	  1	  horizontal	   to	   vertical	   slopes	  with	   and	  without	   a	   tectonic	   shear	   zone.	  	  Lowering	  the	  shallow	  permeability	   to	  2	  x	  10-­‐9	  m/s	   from	  5	  x	  10-­‐9	  m/s	   increased	   failure	   time	  of	  these	  temporary	  slopes	  from	  0.17	  years	  to	  1.1	  years	  and	  0.2	  years	  to	  2.2	  years.	  	  A	  change	  to	  time	  to	  slope	  failure	  will	  not	  affect	  the	  pile	  and	  slope	  interaction.	  	  The	  choice	  for	  this	  parameter	  can	  be	  based	  on	  an	  appropriate	  simulation	  of	  time	  to	  slope	  failure.	  The	   stiffness	   of	   the	   soil	   has	   a	   profound	   effect	   on	   the	   deformations	   in	   a	   stress-­‐deformation	  analysis	  (Tan	  &	  Sarma,	  2008).	   	   	  Given	  the	  deformation	  of	  soil	   in	  response	  to	  slope	  excavation,	  this	   soil	   property	   is	   likely	   to	   affect	   slope	  behaviour.	   	   A	   higher	   stiffness	  would	   reduce	   the	   soil	  movements	  that	  lead	  to	  progressive	  failure	  of	  an	  excavated	  slope.	  	  This	  would	  result	  in	  at	  least	  a	  delay	  to	  slope	  failure	  or	  if	  insufficient	  movement	  occurs,	  the	  slope	  would	  remain	  stable.	  In	   the	   temperate	   climate	   of	   the	   UK	   the	   top	   metre	   is	   weathered	   which	   gives	   it	   a	   higher	  permeability.	  	  The	  impact	  of	  weathering	  may	  need	  to	  be	  considered	  when	  modelling	  stiff	  clays.	  	  The	   parameters	   used	   by	   (Ellis	   &	   O'Brien,	   2007)	   are	   for	   weathered	   London	   clay,	   the	   un-­‐weathered	   clay	   would	   be	   stronger.	   	   Depths	   of	   weathering	   greater	   than	   8-­‐10m	   are	   rare	   in	  London	   Clay	   but	   weathering	   of	   the	   top	   metres	   of	   soil	   prior	   to	   the	   excavation	   of	   the	   cutting	  would	   be	   expected.	   	   It	   is	   worth	   considering	   that	   the	   interface	   between	   weathered	   and	   un-­‐weathered	  clay	  may	  in	  itself	  be	  a	  plane	  of	  weakness	  (Ellis	  &	  O'Brien,	  2007).	  	  A	  weaker	  layer	  or	  interface	  could	  be	  modelled,	  but	  is	  not	  included	  in	  this	  investigation.	  	  Weathered	  London	  Clay	  or	  brown	   clay	   properties	  were	   employed	   in	   several	   investigations	   of	   stiff	   clay	   (Kovacevic	   et	   al.,	  2007;	  Potts	  et	  al.,	  1997).	  When	   modelling	   stiff	   clay,	   the	   influence	   of	   the	   parameters	   discussed	   above	   should	   be	  considered,	  to	  both	  validate	  assumptions	  and	  indicate	  where	  parametric	  studies	  may	  be	  needed	  to	  support	  the	  assumptions	  made.	  	  The	  variation	  of	  these	  properties	  can	  alter	  the	  time	  to	  failure	  and	  the	  position	  of	   the	  slip	  surface.	   	  A	  change	   in	   the	  position	  of	  slip	  surfaces	   is	  more	  relevant	  than	   failure	   time	   for	   analyses	   modelling	   the	   interaction	   of	   stabilisation	   piles	   in	   an	   unstable	  slope.	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Figure	  2.10	  The	  effect	  of	  K0	  on	  softening	  soil	  analyses	  of	  a	  10m	  high	  1	  in	  3	  vertical	  to	  horizontal	  cutting	  slope	  
(Potts	  et	  al.,	  1997)	  (a)	  Mid-­‐slope	  horizontal	  with	  time	  after	  excavation	  (b)	  summary	  of	  rupture	  surfaces	  	  
	  
Figure	  2.11	  Comparison	  of	  predicted	  rupture	  surfaces	  from	  non-­‐softening	  analyses	  (Potts	  et	  al.,	  1997)	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 Modelling	  Stiff	  Clay	  Cuttings	  2.3.There	   are	   several	   methods	   that	   are	   commonly	   used	   for	   slope	   stability	   analysis:	   limit	  equilibrium,	   limit	   analysis	   and	  numerical	  methods	   (finite	   element	   and	   finite	   difference).	   	   The	  methods	  will	   be	   briefly	   described	   and	   their	   suitability	   to	  model	   the	   delayed	   and	   progressive	  failure	  associated	  with	  stiff	  clay	  cuttings	  will	  be	  assessed.	  	  To	  effectively	  model	  a	  cutting	  made	  in	  stiff	  clay,	  the	  method	  should	  ideally	  be	  able	  to	  account	  for	  the	  strain	  softening	  behaviour	  of	  the	  material	  and	  reflect	  the	  observed	  behaviour	  of	  cuttings	  in	  terms	  of	  stress,	  strain	  and	  pore	  water	  pressure	  changes.	  	  The	  other	  merits	  of	  each	  method	  will	  be	  considered	  such	  as	  the	  complexity	  of	  use,	  information	  on	  the	  time	  to	  failure,	  strain	  or	  deformation	  and	  the	  ability	  to	  model	  a	  variation	  in	  soil	  parameters.	  	  	  	  
2.3.1. Limit	  Equilibrium	  The	   limit	   equilibrium	  method	   calculates	   the	   factor	   of	   safety	   of	   a	   slope	  using	   the	   equations	   of	  static	   equilibrium	   (horizontal	   and	   vertical	   forces	   and	  moments	   from	   any	   point)	   to	   assess	   the	  global	   equilibrium	   of	   the	   problem.	   	   Here	   the	   factor	   of	   safety	   is	   defined	   as	   the	   ratio	   of	   the	  available	  shear	  strength	  of	  the	  soil	  to	  the	  shear	  strength	  required	  to	  just	  maintain	  equilibrium	  of	  the	  slope.	  	  When	  the	  two	  shear	  strengths	  in	  this	  equation	  are	  equal,	  the	  factor	  of	  safety	  will	  be	  at	  unity	  and	  slope	   is	   said	   to	  be	   in	  a	   state	  of	   limiting	  equilibrium	   (Duncan	  &	  Wright,	  2005).	   	  The	  equilibrium	  is	  calculated	  for	  forces	  and	  moments	  at	  a	  set	  point	  in	  time	  without	  considering	  the	  distribution	  of	  deformation	  or	  strains	  that	  develop	  in	  the	  soil	  (Steward	  et	  al.,	  2011).	   	  A	  failure	  surface	  defines	  the	  border	  between	  the	  stable	  and	  unstable	  soil.	  	  For	  a	  limit	  equilibrium	  analysis	  with	  known	  soil	  properties	  either	  a	  failure	  surface	  location	  is	  assumed	  and	  the	  factor	  of	  safety	  is	  calculated	   or	   given	   a	   factor	   of	   safety	   the	   most	   critical	   failure	   surface	   is	   identified.	   	   A	   back	  analysis	   of	   a	   slope	   failure	   can	   be	   performed	   with	   a	   factor	   of	   safety	   of	   1.0	   to	   either	   find	   the	  position	   of	   the	   failure	   surface	   or	   strength	   properties	   of	   the	   soil.	   	   The	   static	   equilibrium	  equations	   can	   then	  be	  applied	   to	   the	   soil	  mass	   as	   a	  whole	  or	   the	  unstable	   soil	   is	  divided	   into	  several	   slices	   and	   equilibrium	   is	   applied	   to	   each	   slice	   individually	   and	   then	   the	   results	   are	  combined.	  	  	  For	  all	  methods,	  assumptions	  must	  be	  made	  for	  the	  problem	  to	  be	  statically	  determinant;	  that	  is	  for	   the	  number	  of	  unknown	  forces,	   force	  directions	  and	   the	   factor	  of	  safety	   to	  be	  equal	   to	   the	  number	  of	  equilibrium	  equations	  used	  to	  solve	  the	  problem.	  	  These	  assumptions	  could	  include	  the	  shape	  of	  the	  slip	  surface,	  the	  direction	  of	   forces	  and	  the	  choice	  of	  which	  static	  equilibrium	  equations	  to	  apply.	  	  The	  methods	  of	  slices	  necessitate	  further	  assumptions	  to	  determine	  the	  size	  and	   direction	   of	   forces	   between	   the	   slices	   (Griffiths	   &	   Lane,	   1999).	   For	   example,	   Bishop’s	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simplified	   method	   assumes	   zero	   shear	   forces	   between	   the	   slices	   (Bishop,	   1955).	   	   The	   Janbu	  method	   also	   assumes	   no	   inter-­‐slice	   shear	   forces	   but	   uses	   both	   the	   horizontal	   and	   vertical	  equilibrium	   equations	   (Janbu,	   1973).	   	   The	   Morgenstern	   and	   Price	   method	   assumes	   a	  relationship	  between	  the	  shear	  and	  normal	  inter-­‐slice	  forces	  (Morgenstern	  &	  Price,	  1963).	  	  The	  differences	   in	  results	  between	  these	  methods	  are	  a	  product	  of	   the	  assumptions	  and	  equations	  used	  (Duncan,	  1996),	  but	  this	  can	  lead	  to	  differences	  in	  the	  factor	  of	  safety	  calculated	  of	  up	  to	  5%	  (Yu	  et	  al.,	  1998).	  Limit	  equilibrium	  methods	  have	  often	  been	  employed	  for	  back	  analysis	  of	  slope	  failures.	   	  They	  provide	   an	   estimate	   of	   the	   average	   shear	   strength	   parameters	   for	   the	   design	   of	   remedial	  measures.	   	   These	   results	   reflect	   the	   soil	   strength	   along	   the	   slip	   surface	   for	   in-­‐situ	   conditions,	  which	  can	  be	  compared	  to	  results	  from	  laboratory	  tests.	   	  This	  is	  especially	  useful	  when	  the	  in-­‐situ	   conditions	   may	   be	   difficult	   to	   determine	   or	   to	   reproduce	   in	   the	   laboratory	   (Jiang	   &	  Yamagami,	   2008).	   	   However,	   back	   analysis	   using	   the	   LE	   method	   is	   of	   use	   only	   if	   the	   soil	  conditions	  at	   failure	  are	  unaffected	  by	  the	  failure	   itself.	   	   In	  the	  case	  of	  a	   first	  time	  slide	   in	  stiff	  over	   consolidated	   clay,	   back	   analysis	   using	   the	   LE	  method	  would	   not	   give	   the	   shear	   strength	  parameters	  that	  could	  predict	  subsequent	  behaviour	  of	  the	  slope.	  	  The	  shear	  strength	  along	  the	  slip	   surface	   in	   this	   type	  of	   failure	  will	   vary,	   since	  at	   least	  part	  of	   the	   soil	   strengths	  have	  been	  reduced	  to	  their	  residual	  values	  by	  the	  failure	  (Popescu	  et	  al.,	  1999).	  	  Further	  movement	  could	  cause	  further	  reduction	  in	  the	  soil	  strength	  and	  the	  stability	  of	  this	  slope	  with	  an	  altered	  shear	  strength	  distribution	  would	  not	  have	  been	  predicted	  by	  the	  limit	  equilibrium	  method.	  A	  limit	  equilibrium	  analysis	  is	  restricted	  to	  assuming	  that	  soil	  behaves	  either	  in	  an	  undrained	  or	  drained	  manner	  (Geotechnical	  Consulting	  Group,	  2007).	  	  This	  assumption	  determines	  the	  shear	  strength	   that	   is	   defined	   for	   the	   analysis.	   	   The	   limit	   equilibrium	   analysis	   can	   include	   a	   pore	  pressure	  distribution	  but	  as	   it	   is	  a	  static	  analysis	   it	  will	  only	  represent	   the	  distribution	  at	  one	  point	   in	  time.	   	  To	  apply	  the	  correct	  pore	  pressure	  distribution	  to	  a	  drained	  slope	  analysis	  of	  a	  cutting,	   the	   approximate	   time	   to	   failure	   would	   need	   to	   be	   known	   or	   the	   pore	   pressure	  distribution	  would	  be	  an	  unknown	  itself.	  	  The	  pore	  water	  pressure	  distribution	  at	  the	  time	  of	  a	  stability	  assessment	  could	  be	  used	  but	  additional	  analysis	  for	  when	  the	  pore	  water	  pressure	  has	  changed	  would	  also	  be	  required.	  	  If	  the	  pore	  pressures	  in	  the	  slope	  increased,	  as	  is	  the	  case	  in	  a	  cutting,	  then	  the	  slope	  would	  become	  less	  stable.	  	  The	  pore	  water	  pressure	  changes	  that	  occur	  in	  a	   slope	   after	   a	   cutting	   is	   made	   could	   be	   represented	   at	   distinct	   stages	   but	   this	   is	   an	   added	  variable	  for	  the	  analysis.	  The	  limitations	  and	  assumptions	  of	  limit	  equilibrium	  analyses	  do	  not	  mean	  that	  these	  methods	  are	  valueless	   tools.	   	   Limit	  equilibrium	  must	  be	  used	  with	  understanding	  and	   judgement	  of	   its	  
	  	   70	  
suitability	  and	  adaptability	  to	  each	  situation	  (Duncan,	  1996).	  	  Despite	  the	  discussed	  limitations,	  the	  limit	  equilibrium	  methods	  were	  popular	  historically	  as	  calculations	  could	  be	  made	  by	  hand	  and	  reasonable	  results	  can	  be	  obtained	  for	  complex	  soil	  profiles,	  seepage	  and	  loading	  conditions	  (Yu	   et	   al.,	   1998).	   At	   a	   later	   date	   the	   stability	   coefficients	   and	   design	   charts	   produced	   for	  homogeneous	  slopes	  sped	  up	  these	  procedures	  even	  further	  (Steward	  et	  al.,	  2011;	  Simons	  et	  al.,	  2001).	   	  In	  current	  slope	  stability	  assessments	  these	  methods	  have	  not	  been	  replaced,	  but	  have	  been	  automated	  and	  extended	  by	  computers	  (Simons	  et	  al.,	  2001).	  	  This	  has	  accommodated	  the	  use	  of	  complex	  failure	  surfaces,	  three-­‐dimensional	  analyses	  and	  inclusion	  of	  more	  complex	  soil	  properties	  and	  pore	  water	  pressure	  distributions	  (Duncan,	  1996).	  	  	  	  	  	  	  	  
	  The	  more	  advanced	  adaptions	  of	   the	   limit	  equilibrium	  methods	  that	  use	  computing	  power	   for	  their	  calculations	  make	   it	  possible	   for	  a	  strain	  softening	  soil	  model	   to	  be	   included	   in	  analyses.	  	  The	  traditional	  limit	  equilibrium	  methods	  assume	  rigid	  plasticity,	  which	  means	  that	  all	  the	  soil	  along	  the	  slip	  surface	  will	  reach	   its	   limit	  state	  simultaneously	  (Zhuang,	  2009).	   	  To	  capture	  the	  strain	  softening	  behaviour	  in	  a	  limit	  equilibrium	  analysis,	  either	  the	  soil	  properties	  or	  factor	  of	  safety	  must	   be	   adapted	   to	   show	   the	   varying	   strength	   of	   the	   soil	   along	   the	   slip	   surface.	   	   The	  distribution	   of	   soil	   strength	   along	   the	   slip	   surface	   due	   to	   strain	   softening	   is	   an	   added	  assumption	   for	   these	   limit	  equilibrium	  analyses.	   	  GCG	  (2007)	  divided	  an	  assumed	  slip	  surface	  into	  two	  parts	  and	  applied	  different	  strength	  properties	  to	  each	  section,	  as	  illustrated	  in	  Figure	  2..	   	   The	   slip	   surface	   shape	  and	  position	  was	  based	  on	   the	   results	   of	   a	  previous	   finite	   element	  study.	   	   Limit	   equilibrium	   was	   used	   as	   an	   alternative	   option	   to	   investigate	   the	   critical	   slope	  height/	   slope	   angle	   relationship.	   	   Results	   were	   in	   agreement	   with	   the	   stability	   of	   slopes	   in	  previous	  finite	  element	  analyses.	  	  Work	  by	  Zhang	  &	  Wang	  (2010)	  adapts	  the	  shear	  resistance	  of	  the	  Mohr	  –	  Coulomb	  criteria	  to	  relate	  the	  strength	  parameters	  to	  changes	  in	  strain,	  as	  shown	  in	  Equation	   (2.5).	   Where	   τR	   is	   the	   shear	   resistance,	   c	   is	   cohesion,	   ϕ	   is	   the	   angle	   of	   shearing	  resistance,	  σ	   is	  the	  normal	  stress	  on	  the	  shear	  plane	  and	  the	  two	  strain	  dependent	  coefficients	  
Residual	  Strength	  Peak	  Strength	  
Figure	  2.12	  Distribution	  of	  soil	  properties	  along	  a	  slip	  surface	  in	  a	  Limit	  Equilibrium	  analysis	  adapted	  
for	  strain	  softening	  soil	  (adapted	  from	  (Geotechnical	  Consulting	  Group,	  2007))	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Mc(γ)	   &	   Mϕ(γ)	   are	   functions	   of	   the	   relationship	   between	   shear	   strain,	   γ,	   and	   the	   cohesive	  strength,	  c,	  and	  angle	  of	  shearing	  resistance,	  φ,	  respectively.	   	  This	  method	  is	  used	  to	  analyse	  a	  slope	  reinforced	  with	  piles	  but	  is	  not	  validated	  by	  comparison	  to	  field	  results	  or	  finite	  element	  analyses.	   	  Yamagami	  and	  colleagues	   ((Yamagami	  et	   al.,	   1999b;	  Yamagami	  et	   al.,	   1999a)	  adopt	  the	  method	  of	  slices	   to	  model	  progressive	   failure	  by	  varying	   the	   factor	  of	  safety	   for	  each	  slice	  before	   computing	   the	  overall	   factor	  of	   safety.	   	  The	  peak	   soil	  properties	  are	  assumed	  until	   the	  Factor	  of	  Safety	   locally	   is	  equal	   to	  one.	   	  When	   the	   factor	  of	   safety	  of	  a	   slice	   reaches	  unity,	   the	  peak	   soil	   properties	   of	   that	   slice	   are	   immediately	   dropped	   to	   residual.	   	   This	   allows	   the	   shear	  strength	  to	  vary	  along	  the	  slip	  surface	  before	  global	   failure.	   	   It	  does	  not	  reflect	   the	  reaction	  of	  strain	  softening	  soil	  that	  in	  reality	  will	  exhibit	  a	  gradual	  loss	  of	  strength	  with	  increased	  strain.	  	  Results	  are	  shown	  to	  predict	  a	  realistic	  variation	  in	  the	  factor	  of	  safety	  along	  the	  slip	  surface	  for	  the	  Selset	  landslide	  (Yamagami	  et	  al.,	  1999b;	  Skempton	  &	  Brown,	  1961).	  𝜏! = 𝑀! 𝛾 𝑐 + 𝜎𝑀!(𝛾) tan𝜑	   (2.5)	  	  Limit	  equilibrium	  analyses	  can	  be	  adapted	  to	  model	  the	  stabilisation	  of	  a	  stiff	  clay	  cutting.	  	  This	  would	   necessitate	   assumptions	   such	   as	   soil	   strength	   distribution,	   pore	   water	   pressure	  distribution	  at	  failure	  and	  slip	  surface	  location.	   	  These	  methods	  also	  offer	  an	  option	  to	  add	  the	  effects	  of	  reinforcement.	  	  The	  resistance	  provided	  by	  the	  pile	  or	  anchor	  or	  other	  reinforcement	  is	  modelled	  as	  an	  additional	   force	  at	  a	  specified	   location	  and	  then	   included	   in	   the	  equilibrium	  calculations	  (Duncan	  &	  Wright,	  2005).	  	  This	  method	  would	  not	  provide	  data	  for	  the	  distribution	  of	  strains	  or	  the	  displacement	  experienced	  in	  the	  soil	  and	  reinforcement.	   	   In	  addition	  it	  would	  be	   more	   difficult	   to	   assess	   the	   time	   to	   failure.	   	   This	   is	   not	   the	   most	   suitable	   method	   to	  investigate	  the	  behaviour	  of	  stabilisation	  piles	  within	  a	  stiff	  clay	  cutting.	  	  
2.3.2. Limit	  Analysis	  The	  Limit	  analysis	  method	  uses	  both	  static	  and	  kinematic	   theorems	  of	  plasticity	   to	  bound	   the	  range	   in	  which	   the	   true	   result	   lies.	   	  This	   is	  useful	   for	   slope	  stability	  problems	  when	   the	  exact	  solution,	   in	   terms	   of	   slip	   surface	   location	   and	   external	   loads,	   can	   often	   not	   be	   defined.	   	   The	  solutions	  to	  the	  problem	  provided	  using	  both	  theorems	  will	  bracket	  the	  actual	  collapse	  load	  and	  provide	  information	  on	  the	  accuracy	  of	  the	  approximate	  collapse	  load	  (Yu	  et	  al.,	  1998).	   	  These	  two	  theorems	  are	  referred	  to	  as	  the	  lower	  and	  upper	  bound	  solutions.	  	  The	  static,	  lower	  bound	  solution	  evaluates	  the	  stress	  fields	  to	  provide	  a	  solution	  where	  the	  yield	  criterion	  of	  the	  soil	  is	  not	  violated	  anywhere	  in	  soil	  mass	  and	  the	  soil	  is	  in	  equilibrium	  with	  the	  stresses	  imposed	  upon	  it	  (Ausilio	  et	  al.,	  2001).	   	  The	  external	   loads	  are	  therefore	  lower	  than	  or	  equal	  to	  the	  loads	  that	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would	   cause	   collapse.	   The	   upper	   bound	   theorem	   looks	   at	   kinematically	   feasible	   collapse	  mechanisms	   to	   find	   the	   lowest	   load	   that	   causes	   failure.	   	   This	   collapse	   load	   is	   higher	   than	   or	  equal	  to	  the	  actual	  collapse	  load.	  	  The	  possible	  mechanisms	  are	  evaluated	  by	  equating	  the	  work	  done	  by	  the	  external	  loads	  in	  terms	  of	  displacement,	  to	  the	  internal	  energy	  dissipation	  (Potts	  &	  Zdravković,	  1999).	  	  Although	   limit	   analysis	   can	   be	   a	   useful	   method	   for	   slope	   stability	   analyses,	   the	   necessary	  assumptions	  make	  this	  method	  unsuitable	  to	  evaluate	  the	  use	  of	  stabilisation	  piles	  in	  a	  stiff	  clay	  cutting.	   	   Limit	   analysis	   solutions	   are	   based	   on	   the	   assumption	   that	   the	   soil	   is	   modelled	   as	   a	  perfectly	  plastic	  material	  obeying	  an	  associated	  flow	  rule	  (Kourkoulis	  et	  al.,	  2010;	  Chen,	  1999;	  Yu	  et	  al.,	  1998).	  	  This	  method	  will	  therefore	  not	  be	  suitable	  to	  model	  strain	  softening	  behaviour	  (Ausilio	   et	   al.,	   2001)	  where	   the	   yield	   surface	   changes	   after	   the	   peak	   strength	   is	   reached.	   	   To	  apply	  the	  equations	  of	  virtual	  work	  in	  the	  upper	  bound	  theorem,	   it	  must	  be	  assumed	  that	  any	  changes	  in	  geometry	  of	  the	  soil	  mass	  that	  occur	  at	  failure	  are	  insignificant	  (Potts	  &	  Zdravković,	  1999).	  	  This	  assumption	  is	  not	  compatible	  with	  modelling	  the	  displacements	  expected	  with	  the	  interaction	  of	  piles	  and	  slopes.	   	   It	   is	   also	  not	   computationally	   straightforward	   to	   include	  pore	  water	  pressures	  and	  irregular	  slope	  geometry	  in	  these	  analyses	  (Kourkoulis	  et	  al.,	  2010).	   	  The	  use	   of	   a	   combined	   finite-­‐element	   limit	   analysis	   method	   was	   discussed	   by	   Sloan	   (2013);	   this	  includes	   the	   incorporation	   of	   pore	  water	   pressures.	   	   The	   pore	  water	   pressure	   response	   of	   a	  cutting	   made	   in	   stiff	   clay	   has	   an	   important	   role	   in	   the	   stability	   of	   the	   slope	   and	   should	   be	  included	   in	   analyses.	   However,	   the	   inclusion	   of	   stabilisation	   piles	   in	   a	   limit	   analysis	   of	   slope	  stability	   is	   possible	   by	  modelling	   the	   pile	   as	   a	   lateral	   force	   and	  moment	   at	   the	   depth	   of	   the	  potential	  sliding	  surface,	  as	  demonstrated	  by	  Kourkoulis	  et	  al.	  (2010)	  and	  Ausilio	  et	  al.	  (2001).	  	  This	  is	  not	  the	  most	  suitable	  method	  to	  investigate	  the	  use	  of	  stabilisation	  piles	  to	  stabilise	  a	  stiff	  clay	  cutting.	  	  
2.3.3. Numerical	  Analysis	  Numerical	  methods	   attempt	   to	   satisfy	   all	   the	   theoretical	   requirements	   of	   a	   problem:	   the	   soil	  model,	  boundary	  conditions	  and	  in-­‐situ	  or	  field	  conditions.	  	  The	  complexities	  of	  the	  simulations	  demand	  the	  use	  of	  computer	  programs	  for	  these	  methods	  (Potts	  &	  Zdravković,	  1999).	  	  The	  most	  widely	  used	  methods	  are	  the	  finite	  difference	  and	  finite	  element	  methods.	  	  The	  boundary	  value	  problem	   is	   modelled	   in	   a	   computer	   simulation	   from	   green	   field	   conditions,	   through	  construction,	   excavation	   or	   loading	   to	   the	   long-­‐term	   conditions.	   	   The	   overall	   problem	   is	  simulated	  as	  a	  series	  of	  events,	  the	  response	  to	  each	  event	  is	  analysed	  and	  the	  results	  are	  used	  as	   the	   input	   for	   the	   subsequent	   event	   (Duncan,	   1996).	   	   The	   finite	   difference	   methods	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approximate	  the	  differential	  equation	  and	  the	  finite	  element	  methods	  approximate	  directly	  the	  solution	   of	   the	   differential	   equation.	   	   The	   finite	   element	   method	   is	   the	   tool	   that	   will	  subsequently	  be	  used	  in	  the	  analysis	  section	  of	  this	  project	  and	  it	  is	  the	  use	  of	  this	  method	  that	  will	  be	  evaluated	  in	  the	  remainder	  of	  this	  section.	  The	  finite	  element	  method	  offers	  more	  desirable	  characteristics	  for	  modelling	  slope	  failure	  in	  a	  strain	  softening	  material	  compared	  to	  the	  methods	  discussed	  in	  the	  previous	  sections.	  	  Complex	  non-­‐linear	   soil	   behaviour	  models	   are	   available	  which	   are	   able	   to	  more	   realistically	   represent	  real	   soil	   behaviour	   (Potts	  &	  Zdravković,	   1999).	   	  No	  assumptions	  need	   to	  be	  made	   in	   advance	  about	   the	   failure	   surface	   so	   failure	   can	  occur	   ‘naturally’	   in	   response	   to	   stress	   and	  pore	  water	  pressure	   changes	   in	   the	   soil	   (Duncan,	   1996).	   	   The	   slip	   surface	   shape	   and	   location	   are	   not	  predefined.	   	   Information	   about	   deformations	   at	   working	   stress	   levels	   can	   be	   obtained	   and	  progressive	  failure	  can	  be	  monitored	  as	  it	  develops	  (Griffiths	  &	  Lane,	  1999).	   	  The	  soil	  strength	  will	  vary	  locally	  when	  either	  a	  certain	  displacement	  or	  strain	  level	  is	  reached.	   	  In	  this	  way	  soil	  can	  be	  modelled	  with	  varying	  degrees	  of	  brittleness	  and	  strain	  softening	  rates.	  	  This	  information	  will	  prove	  useful	  when	  studying	  the	  mechanisms	  of	  pile	  and	  slope	  interaction	  during	  the	  future	  stages	  of	  this	  project.	  	  To	  start	  a	   finite	  element	  analysis,	   the	   following	   inputs	  are	  required:	   soil/structure	  properties,	  definition	   of	   initial	   conditions,	   stress	   strain	   relationship	   and	   the	   construction	   or	   loading	  sequence	  (Duncan,	  1996).	  	  The	  soil/structure	  properties	  and	  construction	  or	  loading	  sequence	  are	   defined	   by	   the	   problem	   to	   be	   analysed.	   	   The	   stress-­‐strain	  model	   can	   represent	   elastic	   or	  plastic	  behaviour	  with	  strain	  hardening	  or	  strain	  softening	  depending	  on	  the	  model	  employed	  (Potts	  &	  Zdravković,	  1999).	  	  The	  choice	  of	  model	  is	  dependent	  on	  the	  most	  influential	  behaviour	  of	  the	  soil	  on	  the	  problem	  that	  will	  be	  simulated.	  	  For	  a	  stiff	  clay	  cutting,	  it	  is	  important	  to	  model	  the	  strain	  softening	  behaviour	  in	  a	  realistic	  way.	  	  	  The	  initial	  conditions	  of	  the	  problem	  that	  are	  required	  are	  the	  in-­‐situ	  stress	  of	  the	  material	  and	  the	  pore	  water	  pressure	  distribution.	  	  To	  model	  the	  initial	  stresses	  in	  what	  can	  sometimes	  be	  a	  complex	   geometry,	   there	   are	   several	  methods	   that	   can	  be	   employed.	   	   The	   initial	   stress	  of	   the	  material	   can	   be	  modelled	   either	   by	   a	   gravity	   turn	   on	   (Conte	   et	   al.,	   2010;	   Cai	   &	   Ugai,	   2000b;	  Griffiths	  &	  Lane,	  1999)	  or	  by	  including	  initial	  stress	  values	  as	  an	  input	  for	  soil	  properties(Potts	  et	  al.,	  1997;	  Kovacevic,	  1994).	  	  The	  gravity	  turn-­‐on	  method	  will	  only	  load	  the	  material	  up	  to	  its	  own	   weight	   so	   the	   material	   will	   be	   normally	   consolidated.	   	   The	   second	   method	   enables	   the	  inclusion	  of	  an	   initial	  coefficient	  of	  earth	  pressures,	  K0,	  which	  can	  model	  an	  over	  consolidated	  soil.	  	  This	  is	  more	  appropriate	  for	  modelling	  a	  stiff	  clay	  especially	  as	  it	  has	  been	  shown	  that	  the	  K0	  property	  of	  the	  soil	  affects	  the	  results	  when	  modelling	  the	  failure	  of	  a	  stiff	  clay,	  as	  discussed	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in	   Section	   2.2.5.	   	   The	   excavation	   of	   a	   slope	   can	   then	   be	   modelled,	   leading	   to	   a	   realistic	  distribution	  of	  stresses	  at	  the	  end	  of	  excavation	  of	  the	  slope.	  Failure	   of	   a	   slope	   in	   a	   numerical	   analysis	   can	   be	   induced	   in	   a	   number	   of	  ways:	   soil	   strength	  reduction,	  imposed	  loading	  or	  displacement	  and	  excavation.	  	  The	  choice	  of	  method	  depends	  on	  the	  aim	  of	  the	  analysis.	  For	  example,	  if	  the	  only	  aim	  is	  to	  calculate	  the	  factor	  of	  safety	  then	  the	  strength	  reduction	  technique	  is	  useful.	  	  For	  this	  method	  the	  analysis	  begins	  with	  the	  initial	  soil	  properties.	   	   If	   the	   slope	   remains	   stable	   with	   these	   initial	   properties	   then	   the	   next	   step	   is	   to	  divide	  the	  soil	  properties	  by	  a	  factor	  and	  the	  analysis	  is	  performed	  again.	  	  The	  factor	  continues	  to	   increase	   for	  each	  step	  until	   the	  soil	  properties	  have	  reduced	   to	  a	   level	  where	   failure	  of	   the	  slope	  occurs.	  The	  factor	  of	  reduction	  for	  the	  soil	  properties	  that	  causes	  failure	  of	  the	  slope	  is	  the	  factor	  of	  safety	  against	  slope	  failure	  of	  the	  initial	  soil	  properties	  (Griffiths	  &	  Lane,	  2001).	  	  It	  has	  been	  shown	  that	  this	  method	  can	  produce	  similar	  factor	  of	  safety	  and	  shear	  surface	  locations	  as	  limit	  equilibrium	  methods	  (Cai	  &	  Ugai,	  2000b).	  An	  external	  input,	  such	  as	  an	  imposed	  loading	  or	  displacement,	  can	  also	  be	  used	  to	  cause	  failure	  (Conte	  et	  al.,	  2010).	   	  Care	  must	  be	  taken	  with	  this	  technique	  to	  ensure	  that	  the	  input	  does	  not	  adversely	   affect	   the	   results.	   	   For	   example,	   by	   creating	   an	  unrealistic	  point	   of	  weakness	   in	   the	  mesh,	   the	   development	   of	   the	   slip	   surface	   could	   take	   place	   in	   a	   location	  where	   it	   would	   not	  otherwise	   occur.	   	   In	   the	   analysis	   by	   Conte	   et	   al.	   (2010)	   a	   vertical	   displacement	  was	   imposed	  over	  a	  portion	  of	  the	  top	  mesh	  boundary	  causing	  a	  large	  relative	  displacement	  at	  one	  point	  on	  the	  top	  boundary.	  	  This	  created	  an	  area	  of	  weakness	  and	  concentration	  of	  strain	  in	  the	  material	  and	  this	  was	  the	  point	  from	  which	  the	  initial	  slip	  surface	  propagated.	  	  	  The	  other	  option	  is	  to	  perform	  an	  analysis	  that	  simulates	  the	  reaction	  of	  the	  soil	  over	  time	  and	  permits	  the	  processes	  that	  cause	  failure	  to	  develop	  without	  further	  interference.	  	  In	  the	  analyses	  by	   Kovacevic	   (1994)	   excavation	   is	   carried	   out	   to	   form	   the	   slope	   and	   then	   the	   slope	   is	   left	   to	  consolidate	   and	   the	   pore	   water	   pressures	   to	   equilibrate.	   	   A	   failure	   surface	   forms	   without	  external	  influences	  and	  in	  a	  manner	  that	  is	  closer	  to	  the	  in-­‐situ	  reaction	  of	  the	  soil.	  	  In	  this	  type	  of	  analysis,	  the	  in-­‐situ	  pore	  water	  pressure	  response	  is	  included.	  If	  the	  water	  pressures	  and	  soil	  deformation	  are	   linked	   then	   the	  consolidation	   is	   coupled.	  This	  enables	   the	  history	  of	   swelling	  and	   the	   time	   to	   collapse	   of	   the	   slope	   to	   be	   predicted	   (Potts	   et	   al.,	   1997).	   	   Such	   analyses	   are	  advantageous	   when	   modelling	   a	   low	   permeability	   and	   over	   consolidated	   soil,	   where	   water	  pressures	  greatly	  influence	  the	  mechanical	  behaviour	  of	  the	  soil	  and	  the	  reaction	  to	  excavation	  of	  the	  slope,	  as	  discussed	  in	  Section	  2.2.3	  and	  2.2.4.	  Although	  the	  finite	  element	  method	  offers	  many	  improvements	  over	  other	  methods,	  it	  still	  has	  limitations	  that	  must	  be	  considered.	  	  For	  use	  of	  the	  finite	  element	  method	  in	  general,	  experience	  
	  	   75	  
is	   needed	   to	   be	   able	   to	   use	   this	   method	   effectively.	   	   The	   results	   will	   need	   to	   be	   interpreted	  whilst	   considering	   the	   accuracy	   of	   the	   soil	   property	   inputs,	   soil	   models	   and	   the	   boundary	  conditions	  (Duncan,	  1996).	  	  Inexperienced	  users	  should	  be	  cautioned	  against	  assuming	  artificial	  accuracy	  of	  the	  results	  when	  the	  input	  parameters	  and	  models	  themselves	  are	  variable	  (Griffiths	  &	  Lane,	  1999).	  	  	  An	  investigation	  into	  the	  effect	  of	  the	  variability	  of	  these	  inputs	  on	  the	  solution	  can	  be	  useful	  for	  informing	  the	  construction	  procedure	  or	  reliability	  of	  results.	   	  Finite	  element	  methods	  lend	  themselves	  to	  this	  type	  of	  investigation	  (Potts	  &	  Zdravković,	  1999).	  Other	   issues	   are	  more	   specific	   to	  modelling	   slope	   failure	   of	   a	   strain	   softening	  material.	   	   The	  large	  displacements	   involved	   in	   slope	   stability	  analysis	   and	   the	   formation	  of	   slip	   surfaces	   can	  cause	  severe	  distortion	  of	  elements	  within	  a	  continuum	  mesh.	  	  The	  finite	  element	  mesh	  remains	  continuous	   at	   failure	   and	   is	   unable	   to	   effectively	   model	   the	   gross	   discontinuities	   and	   strain	  concentrations	   that	   develop	   (Griffiths	   &	   Lane,	   1999).	   Current	   procedures	   that	   model	   large	  displacements	  are	  often	  affected	  by	  a	  lack	  of	  convergence	  and	  the	  solution	  may	  depend	  strongly	  on	  the	  mesh	  adopted	  (Qiu	  et	  al.,	  2011;	  Conte	  et	  al.,	  2010).	  	  Several	  options	  have	  been	  suggested	  to	   remedy	   this	   situation.	   	   These	   include:	   an	   alternative	   reference	   for	   the	  material	  within	   the	  finite	  element	  mesh,	  mesh	  refinement	  and	  alternative	  soil	  models	  for	  calculating	  strain.	  An	   alternative	   reference	   for	   modelling	   the	   material	   of	   the	   soil	   continuum	   is	   a	   Eulerian	   or	  combined	   Lagrangian	   –	   Eulerian	   approach	   instead	   of	   the	   currently	   favoured	   Lagrangian	  method.	  	  The	  Lagrangian	  and	  Eulerian	  approaches	  provide	  different	  references	  for	  the	  material	  within	   the	   finite	  element	  mesh	  (see	  Figure	  2.).	   	   In	  a	  Lagrangian	  analysis	   the	  movement	  of	   the	  continuum	  is	  specified	  as	  a	  function	  of	  the	  material	  coordinates	  and	  time	  (Qiu	  et	  al.,	  2011).	  	  The	  material	   and	   the	   mesh	   are	   fully	   connected,	   and	   with	   each	   time	   step	   the	   movement	   of	   the	  material	  corresponds	  to	  an	   identical	  change	   in	   the	  mesh	  shape	  or	  position.	   	  The	  movement	  of	  the	  material	   using	   an	   Eulerian	   approach	   is	   specified	   as	   a	   function	   of	   spatial	   coordinates	   and	  time.	  	  	  The	  mesh	  remains	  in	  the	  same	  location	  and	  with	  the	  same	  shape	  and	  the	  material	  moves	  within	  it	  with	  each	  time	  step.	  	  The	  location	  of	  the	  material	  is	  given	  in	  reference	  to	  the	  mesh.	  	  The	  combined	   Lagrangian	   -­‐	   Euerlian	   method	   is	   suitable	   to	   model	   analyses	   where	   material	   flow	  occurs	  and	  when	  there	  is	  a	  combination	  of	  rigid	  material	  modelled	  with	  the	  Lagrangian	  method	  and	  moving	  material	  modelled	  with	  the	  Eulerian	  method.	   	   	  This	  method	  has	  been	  successfully	  implemented	   for	   several	  boundary	  value	  problems,	   a	   strip	   footing	  and	  pile	   jacking	   (Qiu	  et	  al.,	  2011).	  This	  new	  method	  has	  not	  yet	  been	  extended	  to	  include	  the	  strain	  softening	  property	  of	  soil.	  	  	  The	   use	   of	   either	   of	   these	  methods	  would	   first	   require	   implementation	   and	   validation	   in	   the	  existing	  finite	  element	  code	  to	  be	  used	  in	  this	  project.	  	  This	  would	  require	  large	  changes	  to	  the	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existing	   finite	   element	   program	   available	   to	   the	   author.	   	   Then	   the	  method	  would	   need	   to	   be	  extended	   to	   include	   strain	   softening	   behaviour.	   	   As	   a	   stiff	   and	   brittle	   material,	   stiff	   clay	  movements	  prior	  to	  slope	  failure	  are	  smaller	  compared	  to	  less	  stiff	  soil	  types.	   	  This	  makes	  the	  method	  less	  relevant	  for	  this	  application.	  	  	  Other	  methods	  may	  be	  more	  suitable	  for	  this	  project	  given	  the	  main	  aim	  is	  the	  application	  of	  the	  finite	  element	  method	  to	  model	  piles	  in	  a	  stiff	  clay	  slope.	  	  
	  
Figure	  2.13	  Deformation	  of	  a	  continuum	  in	  a	  Lagrangian	  (left)	  and	  a	  Eulerian	  analysis	  (right)	  (Qiu	  et	  al.,	  2011)	  	  Mesh	   refinement	   is	   another	   solution	   for	   the	   large	  displacements	  modelled	   in	   a	   slope	   stability	  analysis.	   	   It	   aids	   the	   finite	   element	  method	   in	   reaching	   a	   solution	   as	   the	  displacement	   is	   split	  over	  more	  elements	  and	  the	  change	   in	  position	  or	  shape	  for	  each	  element	   is	   less	  severe.	   	  This	  could	   also	   assist	  with	   simulating	   strain	   softening	  behaviour	  by	  distributing	   the	   change	   in	   soil	  strength	   over	   more	   elements.	   	   The	   original	   mesh	   is	   refined	   only	   in	   the	   areas	   of	   large	  displacements	   to	  minimise	   the	   additional	   computational	   cost	   associated	  with	   each	   additional	  element.	  This	  necessitates	  that	  the	  area	  where	  large	  displacements	  or	  high	  strains	  are	  going	  to	  develop	   is	   identified	   before	   the	   final	   analysis	   takes	   place.	   	   The	   mesh	   refinement	   can	   be	  automatic	   and	   take	   place	   during	   the	   analysis	   or	   previous	   analyses	   can	   be	   used	   to	   inform	   the	  mesh	  used	   for	   future	  analyses.	   It	   is	   costly	  numerically	   to	  perform	  automatic	  mesh	  refinement	  and	   it	   is	   costly	   in	   terms	   of	   time	   if	   like	   Conte	   et	   al.	   (2010)	   in	   Figure	   2.14,	   the	   full	   analysis	   is	  repeated	  several	  times	  with	  a	  more	  refined	  mesh	  for	  each	  restart.	  	  The	  increased	  computational	  time	   for	   this	  method	   is	   not	   the	   only	   problem	   in	   its	   implementation.	   	   As	   has	   been	   previously	  stated,	  the	  current	  soil	  models	  for	  strain	  softening	  show	  some	  mesh	  dependence.	  	  It	  is	  not	  clear	  how	  altering	  the	  finite	  element	  mesh	  in	  this	  way	  will	  affect	  the	  results.	  	  It	  is	  suggested	  that	  the	  areas	   within	   the	   mesh	   where	   the	   problem	   is	   made	   easier	   to	   solve	   could	   influence	   the	  development	  and	  location	  of	  the	  slip	  surface.	  	  
1
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Before	  the	  large	  displacements	  associated	  with	  slope	  failure	  occur,	  there	  is	  a	  build	  up	  of	  strain	  in	  the	  areas	  where	  they	  will	   form,	  known	  as	  the	  shear	  zone.	   	  As	  with	  displacements,	   the	  finite	  element	  method	  can	  struggle	  to	  converge	  on	  a	  solution	  where	  there	  is	  a	  high	  gradient	  or	  sudden	  change	   in	   strain.	   	   Several	   options	   have	   been	   researched	   to	   try	   and	   regularize	   the	   numerical	  solution	  and	  model	  this	  shear	  zone.	   	  The	  visco-­‐plastic	  and	  nonlocal	  methods	  will	  be	  discussed	  here.	   	   The	   viscoplastic	   method	   (Conte	   et	   al.,	   2010;	   Di	   Prisco	   et	   al.,	   2002)	   uses	   a	   viscous	  component	  to	  delay	  the	  strain	  rate	  with	  time	  within	  the	  mechanical	  response	  described	  in	  the	  soil	  model.	  	  However,	  the	  softening	  of	  material	  strength	  in	  reality	  is	  controlled	  by	  strain	  and	  not	  time.	   	   This	  method	  would	   be	  more	   appropriate	   to	  model	   time	   dependent	   behaviour	   such	   as	  creep,	  not	  strain	  softening.	  	  The	  concentration	  of	  strain	  that	  leads	  to	  a	  loss	  of	  material	  strength	  in	  a	  strain	  softening	  soil	  accumulates	  with	  a	  zone	  of	  the	  soil.	   	  The	  non-­‐local	  method	  (Jirásek	  &	  Rolshoven,	  2003;	  Di	  Prisco	  &	  Imposimato,	  2003)	  relates	  the	  strain	  of	  the	  material	  at	  a	  point	  to	  the	   strain	   at	   that	   point	   and	   strains	   within	   the	   surrounding	   area	   or	   volume.	   	   To	   define	   the	  contribution	  of	  nonlocal	  strains	  to	  the	  yielding	  of	  the	  material	  requires	  the	  additional	  input	  of	  a	  characteristic	   length	   parameter.	   	   The	   extent	   of	   mesh	   dependence	   due	   to	   modelling	   strain	  softening	   will	   be	   evaluated	   before	   potential	   solutions	   are	   investigated	   in	   more	   detail	   (see	  Section	  3.6.2	  and	  3.6.3).	  The	  finite	  element	  method	  can	  model	  nonlinear	  soil	  behaviour,	  consolidation,	  excavation,	  initial	  stresses,	  soil	  deformation	  and	  progressive	  failure.	   	  Modelling	  the	  behaviour	  of	  strain	  softening	  using	   the	   finite	  element	  method	  has	  been	  shown	  to	  suffer	   from	  mesh	  dependence	   in	   terms	  of	  alignment	  of	  slip	  surfaces	  to	  element	  vertices	  and	  lack	  of	  convergence	  of	  the	  solution.	  	  Available	  solutions	   to	   this	   mesh	   dependence	   were	   presented.	   	   The	   Eulerian	   or	   Eulerian–Lagrangian	  changes	   the	   reference	   for	  movement	  of	   the	  material	  and	  would	  require	  significant	   changes	   to	  code	   during	   implementation	   in	   the	   existing	   finite	   element	   program.	   	   	   In	   addition,	   the	   brittle	  nature	  of	   stiff	   clay	  slope	   failure	  makes	   this	  option	   less	  appropriate	  as	  a	  modelling	   tool.	   	  Mesh	  refinement	  can	  be	  used	  to	  reduce	  the	  gradient	  of	  strain	  and	  displacement	  changes	  over	  a	  single	  element	  and	  aid	  convergence	  of	   the	  solution.	   	  The	  refinement	  of	  a	  mesh	   involves	  splitting	   the	  elements	  of	   the	  mesh	   into	  smaller	  elements	  and	  this	  has	   the	  negative	  effects	  of	   increasing	  the	  number	   of	   elements	   and	   therefore	   the	   numerical	   cost	   of	   the	   simulation.	   	   In	   addition	   mesh	  alignment	  may	  influence	  slip	  surface	  development.	  	  A	  numerical	  regularisation	  tool	  that	  affects	  just	  the	  strain	  softening	  part	  of	  the	  simulation	  is	  the	  recommended	  solution.	   	  The	  visco-­‐plastic	  and	  nonlocal	   solutions	  have	  previously	   been	   applied	   to	   strain	   softening	   slope	  problems.	   	   The	  numerical	  options	  will	  be	  discussed	  in	  more	  detail	  in	  Section	  3.6.3,	  once	  it	  has	  been	  established	  through	  initial	  slope	  analyses,	  that	  a	  change	  in	  the	  strain	  softening	  model	  is	  required.	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Figure	  2.14	  An	  example	  of	  the	  mesh	  refinement	  for	  successive	  analyses	  (Conte	  et	  al.,	  2010)	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 Pile	  Design	  for	  Stabilising	  Slopes	  2.4.The	  use	  of	  discrete	  pile	  rows	  is	  an	  established	  method	  for	  improving	  the	  stability	  of	  potentially	  unstable	   slopes	   or	   as	   a	   remedial	  measure	   in	   an	   existing	   slip	   (Ellis	   et	   al.,	   2010).	   	   Piles	   have	   a	  preventive	  effect	  against	  the	  plastic	  deformation	  in	  the	  ground,	  especially	  where	  they	  stand	  in	  a	  row	   (Ito	   &	   Matsui,	   1975).	   A	   row	   of	   spaced	   piles	   provides	   added	   shear	   resistance	   to	   the	  movement	  of	  the	  soil	  by	  pinning	  the	  unstable	  and	  stable	  layers	  together	  and	  by	  transferring	  the	  bending	  moment	  caused	  by	  the	  movement	  of	  unstable	  soil	  to	  the	  underlying	  stable	  ground	  (Ellis	  et	  al.,	  2010).	  	  The	  resistance	  to	  the	  movement	  of	  the	  soil	  downslope	  is	  provided	  by	  a	  pile’s	  shear	  strength	  and	  when	  there	  is	  a	  suitably	  spaced	  row	  of	  piles,	  by	  the	  arching	  effect	  between	  piles.	  This	   is	   different	   to	   the	   tensional	   resistance	  provided	  by	   an	   anchor	   or	   soil	   nail	   (Wei	  &	  Cheng,	  2009),	   which	   offers	   an	   additional	   compressive	   force	   at	   the	   slip	   surface	   to	   prevent	   slope	  movement.	   	   The	   different	   mechanisms	   improving	   slope	   stability	   are	   demonstrated	   by	   the	  schematic	  in	  Figure	  2.15.	  The	  design	  of	  slope	  stabilising	  piles	  requires	  an	  appropriate	  approach	  that	  reflects	  the	  mechanisms	  occurring	  in	  the	  slope.	  	  This	  section	  will	  first	  look	  at	  the	  potential	  failure	  mechanisms	  of	  a	  pile	  stabilisation	  scheme	  and	  the	  role	  of	  arching,	  followed	  by	  a	  review	  of	  current	  pile	  design	  methods.	  	  	  	   a)	   	   	   	   	   	   b)	  	  	  	  	   c)	  	   	  	  	   	  	  
Figure	  2.15	  Stabilising	  Mechanism	  for	  piles	  and	  anchors,	  a)	  Pile	  adds	  shear	  strength,	  b)	  Tension	  in	  
an	  anchor,	  c)	  Arching	  between	  piles	  in	  a	  row	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2.4.1. Pile	  Failure	  Mechanisms	  A	  pile	  system	  designed	  to	  stabilise	  or	  mitigate	  a	  landslide	  risk	  can	  be	  considered	  to	  fail	  in	  one	  of	  three	  ways;	  (1)	  the	  formation	  of	  a	  pile	  hinge	  (Figure	  2.16),	  (2)	  excessive	  movement	  of	  the	  pile	  (Figure	   2.17)	   or	   (3)	   soil	   flow	   around	   the	   pile	   (Figure	   2.15(c))	   (Smethurst	   &	   Powrie,	   2007;	  Viggiani,	  1981).	   	  The	  formation	  of	  each	  mechanism	  is	  influenced	  by	  the	  ground	  conditions	  and	  pile	  design.	  In	   stiff	   clays,	   the	   structural	   failure	   of	   the	   pile	   has	   been	   identified	   as	   the	   predominant	   failure	  mode	   (Davies	   &	   Budhu,	   1986)	   due	   to	   the	   strength	   of	   the	   soil.	   	   To	   check	   for	   the	   potential	  formation	  of	  plastic	  hinges	  during	  design,	  the	  bending	  moment	  and	  shear	  force	  distribution	  in	  the	   piles	   should	   be	   estimated.	   	   The	   pile	  material,	   diameter	   and	   reinforcement	   (in	   the	   case	   of	  concrete	  piles)	  need	   to	  be	   sufficient	   to	   resist	   the	  maximum	  shear	   force	  and	  bending	  moment.	  	  Viggiani	   (1981)	   identified	   several	   different	   locations	   and	   combinations	   of	   plastic	   hinges	  depending	  on	  the	  relative	  stiffness	  of	   the	  stable	  and	  unstable	  soil	  and	  the	  pile.	   	   In	  Figure	  2.16	  two	  examples	  of	  plastic	  hinge	   formation	  are	  shown.	   	  For	   the	  combination	  of	  stiff	  clay	  soil	  and	  typical	  pile	  dimensions,	   the	  most	   likely	  pile	   failure	  mode	   identified	  by	  Viggiani	  (1981)was	  the	  formation	  of	  one	  plastic	  hinge	  just	  below	  the	  shear	  surface,	  Figure	  2.16(a).	  	  
	  
Figure	   2.16	   Formation	   of	   plastic	   hinge	   in	   stabilisation	   pile	   due	   to	   soil	   movement	   in	   an	   unstable	   slope	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transfer	   stresses	   from	   unstable	   to	   stable	   ground.	   	   Reducing	   the	   pile	   spacing	  will	   also	   reduce	  movement	  by	  decreasing	  the	  loading	  carried	  by	  each	  pile.	  	  In	  stiff	  clay	  excessive	  pile	  movement	  is	   less	   likely	   to	   occur,	   especially	   if	   the	   pile	   is	  made	   long	   enough	   to	   negate	   the	   formation	   of	   a	  deeper	   slip	   surface	   that	   significantly	   reduces	   the	   portion	   of	   stable	   ground	   in	   which	   the	   pile	  stands.	   	   To	   reduce	   movement	   of	   the	   top	   of	   the	   pile,	   a	   concrete	   beam	   or	   anchor	   can	   be	  constructed.	  	   	  	  	   	   	   (a) 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
Figure	  2.17	  Excessive	  movement	  of	  pile	  failure	  mechanism	  (a)	  Translation	  and	  (b)	  Rotation	  (Viggiani,	  1981)	  	  The	   third	   mode	   of	   system	   failure	   occurs	   when	   the	   pile	   has	   been	   designed	   with	   sufficient	  strength	  and	  length	  that	  it	  is	  the	  soil	  that	  fails	  first	  and	  begins	  to	  flow	  around	  the	  pile.	  	  It	  creates	  the	  least	  damaging	  effect	  of	  soil	  movement	  on	  the	  pile	  (Poulos,	  1995)	  but	  protection	  of	  the	  piles	  is	   not	   the	   aim	   of	   slope	   stabilisation	   and	   therefore	   this	   failure	  mode	   should	   be	   avoided.	   	   The	  movement	  of	  soil	  between	  piles	  can	   increase	   the	  stabilisation	  effect	  of	  piles	  when	   the	  arching	  mechanism	  forms	  (see	  Section	  2.4.2).	   	  Arching	  between	  stabilisation	  piles	  in	  an	  unstable	  slope	  can	   only	   be	   fully	   investigated	   in	   a	   three	   dimensional	   analysis.	   	   Only	   two	   dimensional	   slope	  analyses	  are	  presented	  in	  this	  study,	  but	  a	  suitable	  value	  for	  pile	  spacing	  should	  be	  identified	  to	  make	  the	  extension	  of	  this	  study	  to	  three	  dimensions	  relevant	  to	  investigating	  arching	  between	  piles.	  	  
2.4.2. Soil	  Arching	  It	  has	  been	  shown	  using	  model	   tests	  and	  numerical	  analysis	   that	   the	   formation	  of	   the	  arching	  effect	   between	   laterally	   loaded	   piles	   in	   granular	   soil	   is	   a	   significant	   stabilising	   mechanism	  (Liang	   &	   Zeng,	   2002;	   Chen	   &	   Poulos,	   1993).	   	   Arching	   refers	   to	   the	   transfer	   of	   stress	   from	  yielding	  parts	  of	  a	  soil	  mass	  to	  adjacent	  less	  yielding	  or	  restrained	  parts	  of	  the	  soil	  mass.	  	  In	  the	  case	  of	  slope	  stabilisation,	   it	   is	   the	  stress	  transfer	   from	  the	  yielding	  (or	  moving)	  soil	  on	  to	  the	  piles	  (Chen	  &	  Martin,	  2002).	  	  The	  mechanism	  works	  in	  a	  way	  similar	  to	  a	  cantilever	  beam	  (Liang	  
Direction	  of	  unstable	  soil	  movement	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&	  Zeng,	  2002).	  	  The	  soil	  movement	  creates	  a	  load	  applied	  along	  one	  end	  of	  the	  pile	  and	  the	  other	  end	   of	   the	   pile	   is	   fixed	   in	   place	   and	   supports	   the	   load,	   Figure	   2.18	   (a).	   	   The	   arching	   effect	  transfers	   the	   loading	   from	   soil	  movement	   between	   the	   piles	   to	   the	   piles,	   Figure	   2.18(b).	   The	  unloaded	  end	  of	  the	  pile	  is	  considered	  fixed	  if	  it	  extends	  sufficiently	  far	  below	  the	  moving	  soil	  so	  that	   the	   bending	   moment	   and	   shear	   force	   at	   that	   point	   in	   the	   pile	   approaches	   zero.	   	   The	  anchored	   length	   required	   below	   the	   unstable	   soil	   for	   a	   zero	   bending	   moment	   is	   sometimes	  referred	  to	  as	  the	  pile’s	  effective	  length	  (Davies	  &	  Budhu,	  1986).	  	  
	  
Figure	  2.18	  Diagrams	  to	  illustrate	  the	  location	  of	  arching	  between	  vertical	  stabilisation	  piles	  for	  an	  unstable	  
horizontal	  layer	  and	  the	  parameters	  spacing,	  s,	  and	  pile	  diameter,	  d	  (Liang	  &	  Zeng,	  2002).	  	  
	  
Figure	   2.19	   Schematic	   of	   the	   arching	   effect	   on	   the	   deformation	   of	   soil	   between	   two	   stabilisation	   piles	   or	  
shafts	  (Liang	  &	  Zeng,	  2002;	  Adachi	  et	  al.,	  1989).	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  (a)	   	   	   	   	   (b)	  
Figure	  2.20	  Arching	  modelled	   in	  a	  2D	  FE	  analysis	  (a)	  mesh	  (b)	  plot	  of	  axis	  of	  principal	  stress.	   (Liang	  &	  Zeng,	  
2002)	  	  Arching	  develops	  as	  soil	  moves	  towards	  the	  pile	  and	  soil	  movement	  is	  impeded	  by	  the	  piles,	  as	  shown	  by	  the	  schematic	  in	  Figure	  2.19.	  	  The	  stress	  transfer	  is	  well	  illustrated	  by	  Figure	  2.20(b),	  which	  plots	  the	  axes	  of	  principal	  stress	  in	  a	  two	  dimensional	  finite	  element	  analysis	  and	  shows	  the	   formation	  of	  an	  arch.	   	  The	  analysis	  represents	  a	  slice	  of	  unit	   thickness	  as	  shown	  in	  Figure	  2.18(a).	  	  The	  soil	  movement	  is	  simulated	  by	  an	  imposed	  triangular	  movement	  of	  the	  soil	  at	  the	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bottom	  of	   the	  mesh	  between	   the	   two	  quarters	  of	   the	  piles	   (Liang	  &	  Zeng,	  2002),	   as	   shown	   in	  Figure	  2.20	  (a).	  	  The	  plot	  of	  the	  axis	  of	  principal	  stress	  for	  each	  element,	  Figure	  2.20	  (b),	  shows	  that	   far	   from	   the	   pile	   the	   principal	   stress	   is	   in	   the	   direction	   of	   soil	   movement.	   	   As	   the	   soil	  approaches	  the	  pile,	  the	  axes	  begin	  to	  rotate	  and	  the	  direction	  of	  the	  principal	  stress	  axis	  creates	  an	  arch	  with	  large	  stresses	  imposed	  on	  the	  piles	  and	  very	  small	  stresses	  between	  the	  piles.	  	  	  The	   stress	   transfer	   arch	   can	   also	   be	   traced	   by	   looking	   at	   soil	   movement	   and	   contours	   of	  displacement.	   	  The	  stress	  distribution	  creates	  elastic	  and	  plastic	  zones	  as	   illustrated	  by	  Figure	  2.21.	  	  This	  is	  taken	  from	  a	  2D	  dimensional	  finite	  difference	  analysis	  that	  imposes	  displacement	  on	   both	   top	   and	   bottom	   horizontal	   surfaces	   representing	   the	   soil,	   whilst	   the	   pile	   remains	  stationary.	   	   There	   is	   an	   elastic	   zone	   between	   the	   piles	   because	   pressure	   does	   not	   transmit	  through	   this	  zone	  and	   less	  soil	  movement	  occurs.	   	  Plastic	   foothold	  zones	   form	  on	   the	  upslope	  side	  of	  the	  pile	  where	  the	  soil	  is	  under	  the	  greatest	  pressure.	  	  Adachi	  et	  al.	  (1989)	  also	  identified	  this	   zone,	   as	   shown	   in	  Figure	  2.19.	   	  A	   continued	   increase	   in	  pressure	  and	  movement	  at	   these	  points	  will	  eventually	  lead	  to	  a	  soil	  flow	  failure	  at	  the	  pile	  soil	  interface	  (Chen	  &	  Martin,	  2002).	  	  It	  is	  unlikely	  that	  the	  full	  lateral	  resistance	  of	  the	  soil	  around	  the	  pile	  will	  ever	  be	  developed	  in	  an	   infrastructure	   slope	   in	   stiff	   clay	  and	   lead	   to	   significant	  arching.	   	  A	  plastic	  hinge	   is	   likely	   to	  develop	  in	  the	  pile	  first	  (Smethurst	  &	  Powrie,	  2007).	  
	  
Figure	  2.21	  State	  of	  soil	  and	  y-­‐direction	  displacement	  contours	  after	  17mm	  displacement	  in	  a	  granular	  soil	  
(Chen	  &	  Martin,	  2002)	  	  Pile	  spacing	  greatly	  affects	  arching.	  	  Durrani	  (2007)	  presents	  two	  different	  concepts	  of	  limiting	  interaction	   for	   a	   pile	   in	   a	   row.	   	   When	   piles	   are	   sufficiently	   close	   together	   they	   act	   as	   a	  continuous	  wall	  due	  to	  arching	  but	  if	  placed	  too	  far	  apart	  then	  they	  will	  behave	  as	  isolated	  piles.	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The	  maximum	   spacing	   at	   which	   arching	   occurs	   is	   often	   referred	   to	   as	   critical	   spacing	   and	   is	  normalised	  by	  pile	  diameter	  (Ellis	  et	  al.,	  2010).	  	  There	  has	  been	  much	  discussion	  as	  to	  the	  value	  at	  which	  piles	   begin	   to	   act	   as	   isolated	  piles.	   	   The	   use	   of	   piles	   becomes	  more	   cost	   effective	   as	  spacing	  increases,	  but	  increased	  spacing	  can	  lead	  to	  the	  flow	  of	  soil	  between	  piles	  without	  the	  development	  of	  arching.	   	  Chen	  and	  Martin	   (2002)	  and	  Chow	  (1996)	  set	   the	  boundary	  of	   their	  analyses	  at	  a	  spacing	  of	  10	  diameters	  for	  the	  pile	  to	  act	  as	  an	  isolated	  structure	  without	  inducing	  group	   effects.	   	   This	   length	   was	   verified	   by	   observation	   of	   the	   extent	   of	   development	   of	   soil	  plasticity	  in	  initial	  analyses	  (Chen	  &	  Martin,	  2002).	  	  Chen	  and	  Poulous	  (1993)	  found	  single	  pile	  behaviour	  at	  a	  spacing	  of	  8	  pile	  diameters	  for	  a	  square	  pile	  in	  an	  undrained	  cohesive	  soil.	  	  This	  is	  supported	  by	  the	  analyses	  by	  Liang	  and	  Zeng	  (2002)	  for	  a	  granular	  soil	  shown	  in	  Figure	  2.22(a).	  	  	  The	  proportion	  of	  the	  load	  imparted	  to	  the	  piles	  reduces	  as	  spacing	  increases	  from	  2	  to	  5	  for	  a	  ratio	  of	  spacing	  over	  diameter,	  as	  shown	  in	  Figure	  2.22(b)	  and	  (c)	  (Liang	  &	  Yamin,	  2010).	  	  At	  a	  spacing	   of	   4	   pile	   diameters	   there	   maybe	   some	   interaction	   that	   would	   reduce	   the	   limiting	  pressure	  for	  each	  pile	  (Smethurst	  &	  Powrie,	  2007).	  	  Kourkoulis	  et	  al.	  (2011)	  found	  a	  spacing	  of	  four	  diameters	  to	  be	  the	  most	  cost	  effective,	  whilst	  Reese	  &	  Van	  Impe	  (2001)	  recommended	  less	  than	   five	   diameters.	   	   Ellis	   et	   al.	   (2010)	   identify	   a	   critical	   spacing	   at	   which	   piles	   reach	   their	  maximum	  load	  capacity	  by	  developing	  an	  analytical	  method	   that	  uses	  Rankine’s	  passive	  earth	  pressures	   coefficient	   and	   is	   validated	   by	   finite	   element	   analyses.	   	   For	   a	   6m	   high	   generic	  normally	   consolidated	   clay	   slope,	   angle	   of	   shearing	   resistance	  φ’	   values	   of	   20°	   and	   30°	   gave	  critical	   spacing	   values	   of	   2.7	   and	   3.4	   pile	   diameters	   respectively.	   	   The	   critical	   spacing	   values	  discussed	  here	  are	  for	  the	  specific	  soils	  that	  were	  modelled	  and	  should	  be	  treated	  as	  a	  starting	  point,	  because	  parametric	  studies,	  including	  those	  presented	  by	  Chen	  and	  Martin	  (2002),	  have	  shown	  that	  the	  soil	  properties	  influence	  the	  development	  of	  arching.	  	  Arching	   occurs	   in	   both	   sandy	   and	   clayey	   soils	   (Wang	   &	   Yen,	   1974).	   	   The	   angle	   of	   shearing	  resistance	  and	  the	  cohesion	  intercept	  directly	  influence	  both	  the	  existence	  and	  intensity	  of	  soil	  arching	   (Liang	  &	  Yamin,	   2010;	  Wang	  &	  Yen,	   1974).	   	  With	   a	   higher	  φ’	   there	   is	  more	   granular	  interlocking	  and	  so	  an	  increase	  in	  the	  intensity	  of	  arching.	  	  A	  larger	  cohesion	  value,	  c’,	  increases	  the	  intensity	  of	  the	  arching	  mechanism,	  up	  to	  a	  plateau	  value	  that	  depends	  on	  the	  spacing	  of	  the	  piles.	  There	  is	  a	  complex	  relationship	  between	  c’,	  φ’	  and	  the	  development	  of	  arching,	  as	  shown	  by	  Figure	  2.22(c)	  and	  (d)	  (Liang	  &	  Zeng,	  2002).	  Cohesive	  soils	  have	  a	  greater	  tendency	  for	  soil	  arching,	  requiring	  less	  displacement	  of	  soil	  for	  arching	  to	  fully	  develop,	  but	  the	  long	  term	  effects	  of	  creep	  on	  the	  arching	  mechanism	  are	  unclear	  (Liang	  &	  Zeng,	  2002).	   	  Apart	   from	  the	  drained	  strength,	   the	  stiffness	  and	  initial	  stress	  affect	  arching.	   	  Higher	  soil	  dilatancy	  causes	  volumetric	  dilation	   and	   more	   soil	   squeezing	   leading	   to	   more	   severe	   arching	   effects	   and	   a	   wider	   elastic	  arching	  zone	  (Chen	  &	  Martin,	  2002).	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Figure	  2.22	  Results	  from	  a	  parametric	  study	  of	  the	  arching	  mechanism	  (Liang	  &	  Zeng,	  2002).	  	  The	  variation	  of	  
(a)	   the	   load	   acting	   on	   the	   pile	   (kgf	   =	   kilogram	   force)	   and	   soil	   movement	   between	   the	   piles	   with	   spacing	  
between	  the	  piles.	  The	  variation	  of	  the	  percentage	  of	  the	  load	  on	  the	  soil	  between	  the	  piles	  for	  a	  change	  in	  (b)	  
pile	  diameter	  and	  spacing	  ratio,	  (c)	  the	  angle	  of	  shearing	  resistance,	  φ,	  and	  spacing	  ratio	  and	  (d)	  the	  angle	  of	  
shearing	  resistance	  and	  cohesion,	  c.	  Spacing,	  s,	  is	  specified	  in	  terms	  of	  diameter,	  d.	  	  Other	   features	  of	  pile	  design	  can	  affect	   the	  arching	  mechanism,	   including	  pile	  diameter,	  shape	  and	  the	  pile/soil	  interface.	  	  The	  influence	  of	  pile	  diameter	  is	  illustrated	  by	  the	  results	  shown	  in	  Figure	  2.22(b).	  	  A	  larger	  diameter	  reduces	  the	  percentage	  of	  residual	  load	  carried	  by	  the	  pile	  for	  all	  spacing/diameter	  ratios	  (Liang	  &	  Zeng,	  2002).	   	  The	  diameter	  of	  pile	  was	  found	  to	  affect	  the	  transfer	  of	  load	  due	  to	  arching	  and	  the	  soil	  deformations	  (Liang	  &	  Yamin,	  2010).	  	  The	  increased	  shear	   drag	   force	   round	   the	   pile	   shaft	  with	   a	   rough	   interface	   reduces	   the	   displacement	   of	   soil	  leading	   to	  a	  slower	  development	  of	  arching	   for	   the	  same	   loading	   (Chen	  &	  Martin,	  2002).	   	  The	  shape	   affects	   the	  pressure	   acting	  on	   the	  pile	   as	  demonstrated	  with	   a	   square	   and	   circular	  pile	  analyses	  modelled	  by	  Chen	  and	  Martin	  (2002).	  	  The	  arching	  plastic	  foothold	  zone	  that	  develops	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on	   the	  upslope	  of	  circular	  piles	  reduces	   the	  pressure	  compared	   to	  square	  piles	  with	   the	  same	  cross	  sectional	  area.	  	  Previous	  numerical	   studies	  of	   soil	   arching	  have	  used	  various	  methods	   (displacement,	   loading,	  strength	   reduction)	   to	   create	   soil	   movement	   in	   both	   two	   and	   three	   dimensional	   models.	  	  Imposing	  a	  displacement	  (Liang	  &	  Zeng,	  2002;	  Chen	  &	  Martin,	  2002)	  requires	  an	  assumption	  to	  be	  made	  about	  soil	  displacement	  and	  distribution.	   	  Two	  dimensional	  slice	  models	  that	  assume	  plane	   strain	   in	   the	  vertical	  directions	  also	  negate	   the	  vertical	   component	  of	   soil	  displacement	  and	   its	   effect	   on	   arching,	   e.g.	   Liang	   &	   Zeng	   (2002).	   	   In	   an	   effort	   to	   recreate	   soil	   movements	  similar	   to	   measurements	   made	   in	   the	   field	   with	   vertical	   and	   horizontal	   displacements,	   a	   3D	  analysis	  was	  performed	  and	   the	  crest	  of	   the	  slope	   is	   loaded	  as	  shown	   in	  Figure	  2.23	  (Liang	  &	  Yamin,	  2010).	  	  Loading	  of	  the	  slope	  crest	  may	  recreate	  the	  soil	  movements	  at	  the	  time	  they	  were	  measured	  in	  situ,	  but	  the	  development	  of	  soil	  movements	  may	  be	  different	  to	  a	  naturally	  failing	  slope	  where	  the	  rupture	  surface	  begins	  at	  the	  toe	  of	  the	  slope.	  	  The	  strength	  reduction	  method	  was	   used	   in	   a	   three	   dimensional	   analysis	   to	   validate	   the	   two	   dimensional	   results	   (Chen	   &	  Martin,	  2002).	  	  This	  method	  reduces	  the	  soil	  strength	  properties	  until	  failure	  occurs,	  but	  as	  has	  already	  been	  discussed,	  the	  soil	  properties	  affect	  the	  development	  and	  intensity	  of	  soil	  arching	  and	  so	  may	  affect	  the	  results	  of	  this	  analysis.	  	  	  There	   has	   been	   little	   investigation	   of	   the	   arching	  mechanism	  within	   a	   naturally	   failing	   slope	  stabilised	  with	   piles	   in	   either	   two	   or	   three	   dimensions.	   	   A	   series	   of	   reports	   by	   the	  Transport	  Research	  Laboratory	  investigated	  the	  role	  played	  by	  a	  row	  of	  discrete	  piles	  to	  stabilise	  transport	  slope.	  	  To	  assess	  an	  appropriate	  range	  of	  dimensions	  for	  pile	  diameter	  and	  spacing	  of	  a	  row	  of	  space	  piles	  to	  stabilise	  stiff	  clay	  highway	  slopes	  Carder	  (2005)	  consulted	  a	  review	  of	  current	  pile	  design	  methods	  (Carder	  &	  Temporal,	  2000),	  a	  simplified	  3D	  finite	  element	  investigation	  (Carder	  &	   Easton,	   2001)	   and	   centrifuge	   tests	   on	   a	   clay	   slope	   (Hayward	   et	   al.,	   2000).	   	   The	   three	  dimensional	   1	   in	   2	   (vertical	   to	   horizontal)	   8m	   high	   cutting	   slope	   analyses	  modelled	   two	   pile	  spacing	   widths	   of	   3	   and	   6	   times	   the	   pile	   diameter,	   0.8m	   (Carder	   &	   Easton,	   2001).	   	   These	  analyses	  did	  not	  model	  the	  cutting	  of	  the	  slope	  and	  associated	  changes	  in	  stresses	  or	  the	  strain	  softening	  behaviour	  of	  stiff	  clay.	   	  The	   investigation	   found	  that	  at	  a	  pile	  spacing	  of	  6	  diameters	  there	  was	  some	  flow	  of	  the	  soil	  between	  the	  piles,	  but	  at	  3	  diameters	  there	  was	  little	  movement	  of	   the	  soil	  between	  the	  piles.	   	  The	  centrifuge	  tests	  carried	  out	  by	  Hayward	  et	  al.	   (2000)	  found	  that	  for	  spacing	  of	  piles	  at	  3.2	  and	  4.2	  diameters	  the	  slope	  remained	  stable,	  but	  under	  the	  same	  conditions	   with	   spacing	   of	   6.3	   pile	   diameters	   the	   clay	   slope	   failed.	   	   From	   this	   work	   Carder	  (2005)	  concluded	  that	  pile	  spacing	   in	  the	  range	  of	  3	  to	  5	  pile	  diameters	  would	  avoid	  soil	   flow	  between	  the	  piles,	  with	  typical	  pile	  diameters	  expected	  to	  be	  between	  600	  and	  1200mm.	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Arching	  transfers	  stresses	  from	  the	  failing	  soil	  mass	  to	  the	  stable	  soil	  below	  via	  the	  piles	  and	  it	  reduces	  the	  movement	  of	  soil	  between	  the	  piles.	   	  The	  development	  and	   intensity	  of	  arching	   is	  affected	  by	  most	  of	   the	  variables	   considered	   in	   the	  design	  of	   a	  pile	   stabilisation	   scheme.	   	  The	  spacing	  between	  piles	   is	  very	   important	  and	  a	  balance	  must	  be	  struck	  considering	   the	  critical	  spacing,	   cost	   and	   the	   potential	   for	   load	   transfer.	   Previous	   studies	   have	   not	   looked	   at	   arching	  between	  piles	   in	  a	  slope	  excavated	   in	  an	  over	  consolidated,	  strain	  softening	  soil	   that	  naturally	  develops	  a	  failure	  surface	  over	  time.	  	  
	  
Figure	  2.23	  Modelling	  arching	  in	  3D	  with	  the	  overburden	  method	  (Liang	  &	  Yamin,	  2010)	  	  	  
2.4.3. Design	  Steps	  The	  design	  steps	  for	  slope	  stabilising	  piles	  can	  be	  summarised	  as	  follows:	  1) Evaluate	  the	  required	  increase	  in	  Factor	  of	  Safety	  of	  the	  slope.	  2) Calculate	  the	  lateral	  destabilising	  force	  caused	  by	  the	  movement	  of	  the	  soil.	  3) Select	  a	  pile	  system	  that	  will	  increase	  the	  Factor	  of	  Safety	  sufficiently	  for	  the	  slope	  Piles	  are	  subjected	  to	  a	  lateral	  force	  due	  to	  plastically	  deforming	  ground	  as	  soil	  moves	  down	  the	  slope	   (Ito	   &	  Matsui,	   1975).	   	   The	   directions	   of	   soil/pile	   motion	   when	   piles	   are	   used	   to	   pin	   a	  slipping	  layer	  to	  an	  underlying	  layer	  are	  self	  evident,	  Figure	  2.15(a).	  	  Hence	  the	  forces	  acting	  on	  the	   pile	   are	   reasonably	   understood.	   	   The	  upper	   parts	   of	   the	   pile	  will	   resist	   the	  motion	   of	   the	  slipping	  layer	  and	  the	  underlying	  stratum	  will	  hold	  the	  lower	  part	  of	  the	  pile	  in	  place(Smethurst	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&	  Powrie,	  2007)	  This	  has	  been	  the	  basis	  of	  current	  design	  methods	  but	  is	  a	  simplification	  of	  the	  complex	  and	  three	  dimensional	  pile-­‐soil	  interaction.	  	  	  The	  first	  step	  of	  design	  can	  employ	  any	  method	  that	  assesses	  the	  factor	  of	  safety	  of	  slopes.	  	  This	  includes	   the	  established	  methods	  of	  Limit	  Equilibrium,	  Limit	  Analysis	   and	  numerical	   strength	  reduction	  technique,	  which	  were	  discussed	  in	  Section	  2.3.	  	  	  The	  methods	  used	  to	  calculate	  the	  force	  exerted	  on	  the	  piles	  by	  the	  soil	  movement	  (step	  2)	  are	  numerous	   and	   there	   is	   no	   general	   consensus	   on	   which	   methods	   provide	   the	   best	   estimate.	  	  These	  methods	  can	  be	  grouped	  into	  three	  categories;	  pressure	  based,	  displacement	  based	  and	  numerical	  methods,	  which	  will	  be	  discussed	   in	  Sections	  2.4.3,	  2.4.5	  and	  2.5	   respectively.	   	  The	  pressure	   based	   and	   displacement	   based	  methods	   are	   used	   by	   industry	   but	   suffer	   from	  many	  assumptions,	  not	   least	  of	  which	  is	  the	  simplification	  of	  a	  three	  dimensional	  mechanism	  to	  two	  dimensions.	   	  The	   finite	  element	  and	   finite	  difference	  methods	  have	   the	  potential	   to	  model	   the	  3D	   process	   but	   these	   analyses	   are	   complex	   and	   require	   time,	   money	   and	   an	   experienced	  modeller.	  	  	  The	  third	  step	  is	  often	  an	  iterative	  process	  to	  find	  the	  best	  combination	  of	  pile	  diameter,	  length,	  spacing	   and	   location	   for	   the	   required	   increase	   in	   the	   Factor	   of	   Safety.	   	   This	   step	   should	   also	  involve	   a	   check	   on	   the	   Factor	   of	   Safety	   that	   includes	   the	   pile	   as	   a	   stabilising	   force.	   	  When	   a	  retaining	  structure	  is	  inserted	  in	  a	  slope	  the	  additional	  resistance	  it	  provides	  not	  only	  changes	  the	  slope	  factor	  of	  safety,	   it	  may	  affect	  the	  potential	  failure	  mechanism.	   	  Other	  possible	  sliding	  surfaces	  could	  become	  more	  critical	  than	  the	  surface	  identified	  for	  a	  slope	  without	  piles	  (Ausilio	  et	  al.,	  2001).	  	  This	  step	  will	  also	  consider	  the	  possible	  failure	  mechanisms	  of	  the	  pile,	  to	  ensure	  that	  the	  diameter,	  length	  and	  reinforcement	  are	  suitable.	  	  
2.4.4. Pressure	  Based	  Design	  Methods	  In	  designing	  a	  pile	   stabilisation	   scheme,	   the	   forces	  acting	  on	   the	  pile	  must	  be	  estimated.	   	  The	  main	   pressure	   based	  method	  was	   developed	   by	   Ito	   and	  Matsui	   (1975)	   to	   calculate	   the	   force	  from	  known	  pressures	  on	  a	  pile	  in	  a	  landslide.	  	  A	  theoretical	  analysis	  was	  developed	  to	  quantify	  the	   lateral	   force	   that	   arises	   due	   to	   the	   interaction	   between	   piles	   and	   plastically	   deforming	  ground.	  	  It	  was	  developed	  from	  equations	  used	  for	  metal	  extrusion	  and	  rolling	  processes.	  	  	  The	  results	  were	  validated	  through	  comparison	  to	  field	  data	  of	  pile	  deflection	  in	  landslides.	  The	  analyses	  assume	  the	  geometry	  of	  the	  sliding	  surfaces	  for	  soil	  deformation,	  restricting	  the	  plastic	  zone	  to	  ABB’A’	  (see	  Figure	  2.24).	  	  Friction	  at	  the	  pile	  and	  soil	  interface	  is	  ignored	  and	  the	  piles	  are	   considered	   to	   be	   rigid.	   	   The	   piles	   and	   soil	   are	  modelled	   in	   a	   horizontal	   plane	  with	   plane	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strain	  conditions	  assumed	  in	  the	  direction	  of	  depth,	  negating	  any	  vertical	  soil	  movements.	  Using	  this	  method	  it	  was	  found	  that	  the	  lateral	  force	  on	  a	  pile	  increases	  with	  an	  increase	  in	  bulk	  unit	  weight,	   depth,	   strength	   parameters	   and	   exponentially	   increases	   with	   pile	   geometry	   (Ito	   &	  Matsui,	  1975).	  It	  has	  been	  noted	  in	  other	  studies	  that	  these	  calculations	  can	  only	  be	  used	  for	  a	  small	   range	   of	   pile	   spacing,	  when	   the	   piles	   have	   very	   small	   or	   very	   large	   spacing	   are	   closely	  spaced	  or	  far	  apart	  the	  model	  provides	  doubtful	  solutions	  as	  the	  assumed	  mechanism	  of	  flow	  is	  not	  the	  critical	  mode	  of	  failure	  (Poulos,	  1995).	  In	  comparison	  with	  pile	  deflection	  data,	  these	  calculations	  best	  modelled	  the	  behaviour	  of	  a	  pile	  with	  a	  restrained	  head	  (Ito	  &	  Matsui,	  1975).	  Although	  the	  method	  provided	  a	  closer	  match	  for	  the	  field	  data	  compared	  to	  other	  methods,	  the	  results	  generally	  over	  estimate	  the	  force	  acting	  on	  the	  pile	  and	  only	  provide	  data	  over	  the	  length	  of	  the	  pile	  that	  experiences	  soil	  movement.	  	  This	  means	   that	   the	   results	   will	   not	   give	   information	   on	   the	   complete	   distribution	   of	   bending	  moment	  and	  shear	  forces.	  	  Some	  of	  the	  field	  data	  did	  not	  match	  this	  method	  and	  showed	  that	  a	  plastic	  hinge	  had	  formed	  in	  the	  pile.	  	  This	  illustrates	  that	  when	  using	  this	  method	  it	  is	  important	  to	  consider	  the	  displacement	  required	  for	  plastic	  soil	  behaviour	  to	  develop	  and	  as	   is	  often	  the	  case,	  if	  bending	  failure	  of	  the	  pile	  may	  occur	  before	  this	  displacement	  is	  reached	  (Smethurst	  &	  Powrie,	  2007).	  	  	  The	  force	  calculated	  using	  this	  method	  has	  been	  employed	  to	  estimate	  the	  factor	  of	  safety	  of	  a	  piled	  slope.	  	  Hassiotis	  et	  al.	  (1997)	  calculates	  the	  lateral	  force	  acting	  on	  the	  pile	  per	  unit	  length	  using	   the	   Ito	   and	   Matsui	   (1975)	   technique.	   	   The	   total	   force	   exerted	   along	   the	   pile	   is	   then	  calculated	  and	  a	  single	  force	  acting	  parallel	  to	  the	  slip	  surface	  is	  applied	  at	  the	  intersection	  point	  of	  the	  pile	  and	  the	  slip	  surface.	  	  The	  limit	  equilibrium	  friction	  circle	  method	  is	  used	  to	  calculate	  the	  piled	  factor	  of	  safety	  of	  the	  slope.	  The	  total	  potential	  force	  from	  the	  soil	  pressures	  is	  used	  as	  the	  ultimate	  value	  in	  design	  but	  a	  factored	  force	  is	  also	  considered.	  	  The	  value	  to	  factor	  the	  force	  is	   called	   the	   degree	   of	   mobilisation	   and	   is	   used	   to	   represent	   the	   case	   where	   insufficient	  movement	  of	  soil	  has	  occurred	  to	  develop	  the	  ultimate	  state	  (Hassiotis	  et	  al.,	  1997).	  	  The	  Ito	  and	  Matsui	  pressure	  based	  method	  has	  been	  employed	  by	  some	  to	  calculate	  the	  factor	  of	  safety	  of	  a	  slope	  that	  includes	  piles.	  	  It	  should	  only	  be	  used	  for	  rigid	  piles	  with	  a	  restrained	  head	  and	  should	  not	  be	  used	  to	  model	  strain	  softening	  soil.	   	  There	  is	  also	  a	  suggested	  restriction	  on	  the	  application	  for	  closely	  or	  widely	  spaced	  piles,	  although	  the	  range	  of	  spacing	  at	  which	  arching	  takes	  place	  is	  similarly	  restricted.	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Figure	  2.24	  State	  of	  plastic	  deformation	  in	  the	  ground	  
just	  around	  the	  piles	  (Ito	  &	  Matsui,	  1975)	  	  
2.4.5. Displacement	  Based	  Design	  Methods	  Often	  called	  the	  p-­‐y	  curve	  method,	  the	  displacement	  based	  method	  uses	  soil	  displacement	  as	  an	  input	  to	  calculate	  the	  pressure	  or	  force	  acting	  on	  the	  pile.	   	  The	  pile	  is	  modelled	  as	  a	  beam	  and	  the	   soil	   down-­‐slope	   of	   the	   pile	   as	   springs	   (see	   Figure	   2.25).	   	   The	   stiffness	   of	   the	   springs	   is	  governed	  by	   the	  p-­‐y	   curve,	  which	  gives	   the	  pressure	  on	   the	  pile	  due	   to	   the	   soil	  displacement.	  	  The	  pressure	  can	  be	  used	  to	  calculate	  the	  shear	  force	  and	  bending	  moments	  in	  the	  pile.	  	  These	  forces	  can	  be	  employed	  to	  calculate	  the	  factor	  of	  safety	  of	  the	  piled	  slope,	  using	  a	  method	  such	  as	  the	  Bishop’s	  simplified	  method	  (Lee	  et	  al.,	  1995)	  if	  the	  pile	  head	  is	  free	  to	  rotate	  and	  displace.	  
	  
Figure	  2.25	  Model	  of	  piles	  and	  soil	  for	  displacement	  based	  pile	  design	  using	  p-­‐y	  curves	  (Jeong	  et	  al.,	  2003)	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The	   p-­‐y	   curves	   will	   vary	   according	   to	   the	   soil	   type,	   strength,	   compressibility	   and	   the	   layers	  encountered	  (Georgiadis	  &	  Georgiadis,	  2010).	  	  Baguelin	  et	  al.	  (1977)	  assumed	  that	  pressure,	  p,	  was	  proportional	  to	  displacement,	  y,	  multiplied	  by	  a	  coefficient	  k:	  [p	  α	  ky].	  	  This	  is	  also	  referred	  to	  as	  the	  subgrade	  reaction	  theory,	  if	  the	  lateral	  force	  acting	  on	  the	  pile	  embedded	  in	  an	  elastic	  foundation	   is	   directly	   proportional	   to	   the	   relative	  displacement	  between	   the	  pile	   and	   the	   soil	  (Yamin	   &	   Liang,	   2010).	    For	   a	   cohesive	   soil	   k	   is	   assumed	   to	   be	   constant,	   whereas	   for	   a	  cohesionless	  soil	  k	  varies	   linearly	  (Baguelin	  et	  al.,	  1977).	   	  More	  recently	   the	  curves	  have	  been	  based	  on	  finite	  element	  analyses	  of	  lateral	  pile	  load	  tests,	  (see	  Figure	  2.26).	  	  The	  load	  is	  applied	  to	  the	  pile	  at	  the	  pile	  head	  so	  the	  response	  may	  not	  be	  indicative	  of	  behaviour	  from	  loading	  by	  a	  landslide	  where	  the	  force	  is	  applied	  over	  a	  portion	  of	  the	  pile.	  	  However,	  this	  method	  is	  able	  to	  easily	  model	  non-­‐linear	  behaviour	  including	  softening	  due	  to	  displacement	  until	  a	  limit	  state	  is	  reached	   (Poulos,	   1995).	   	   This	   method	   is	   useful	   as	   long	   as	   an	   allowance	   is	   made	   for	   the	  assumptions	  simplifying	  soil	  behaviour	  and	  pile	  response	  (Baguelin	  et	  al.,	  1977).	  	  	  For	  example,	  most	  of	  these	  methods	  are	  for	  soil	  movement	  in	  the	  horizontal	  plane,	  e.g.	  Viggiani	  1981,	  but	  ground	  inclination	  has	  been	  found	  to	  significantly	  affect	  the	  ultimate	  load	  (Brown	  &	  Shie,	  1991).	   	  They	  also	  consider	  the	  pile	  as	  a	  single	  isolated	  structure	  that	  is	  not	  influenced	  by	  the	  piles	  near	   it	   (Smethurst	  &	  Powrie,	  2007;	  Viggiani,	  1981).	   	  The	  method	  still	  has	   success	  at	  correctly	   replicating	  measured	   soil	  movements	   (Smethurst	   &	   Powrie,	   2007)	   but	  many	   of	   the	  methods	  now	  include	  empirical	  modifications	  for	  interaction	  with	  structure,	  slopes,	  and	  groups	  of	  piles	  or	  combine	  loading	  (Bourgeois	  et	  al.,	  2010).	  	  One	  example	  of	  this	  is	  the	  calculation	  of	  a	  load	  transfer	  factor	  using	  the	  finite	  element	  method	  to	  translate	  the	  reduction	  in	  displacement	  of	   soil	   down-­‐slope	   of	   the	   pile	   to	  methods	   that	   consider	   isolated	   piles	   (Liang	  &	  Yamin,	   2010).	  	  The	   reduction	  occurs	  due	   to	   arching	  between	  piles	   and	   transmission	  of	   pressure	   through	   the	  piles	   to	   the	  stable	  soil	  beneath	  the	   landslide.	  The	  most	  significant	   input	   for	   this	  method	   is	   the	  displacement	  of	  the	  pile.	   	  The	  source	  could	  be	  from	  measured	  movements	  if	  a	  back	  analysis	   is	  required	   or	   the	   ground	   conditions	   are	   similar.	   	   The	   displacement	   distribution	   could	   be	  calculated	  using	  a	  finite	  element	  slope	  analysis	  without	  piles	  or	  a	  distribution	  could	  be	  assumed.	  Some	  simple	  distributions	  are	  shown	  in	  Figure	  2.27	  and	  Figure	  2.28.	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Figure	  2.26	  Model	  of	  a	  pile	  load	  test	  (Georgiadis	  &	  Georgiadis,	  2010)	  	  
	  
Figure	  2.27	  An	  example	  of	  assumed	  displacement	  for	  p-­‐y	  curves	  
in	  relation	  to	  the	  pile	  and	  sliding	  surface	  (Cai	  &	  Ugai,	  2011)	  
	  
Figure	   2.28	   Examples	   of	   assumed	   displacements	   for	   p-­‐y	  
curves	  (Jeong	  et	  al.,	  2003)	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2.4.6. Other	  design	  considerations	  Once	  the	  required	  stabilising	  force	  of	  the	  pile	  has	  been	  established,	  the	  piles	  themselves	  must	  be	  designed.	   	  The	  choice	  of	  optimal	   location,	   length	  diameter	  and	  head	  conditions	  is	  aided	  by	  the	  results	   from	  parametric	   studies	   carried	  out	  by	   limit	   equilibrium,	   limit	   analysis	   and	  numerical	  analyses	  of	  laterally	  loaded	  piles.	  	  The	   location	   of	   the	   pile	   row	   between	   the	   crest	   and	   toe	   of	   the	   slope	   will	   greatly	   affect	   the	  effectiveness	   of	   the	   pile.	   	   The	   location	   determines	   the	   size	   of	   potentially	   unstable	   soil	   mass	  behind	  or	   in	   front	  of	   the	  pile.	   	   It	  will	   also	  determine	   the	   length	  of	   the	  pile	  along	  which	   soil	   is	  moving	  and	  the	  length	  of	  the	  pile	  fixed	  in	  stable	  ground.	  	  Most	  studies	  agree	  that	  mid	  slope	  is	  the	  best	  location	  for	  the	  pile	  (Ellis	  et	  al.,	  2010;	  Wei	  &	  Cheng,	  2009;	  Ausilio	  et	  al.,	  2001;	  Cai	  &	  Ugai,	  2000b).	  At	  mid-­‐slope	  the	  failure	  surface	  is	  usually	  at	  its	  deepest,	  so	  the	  pressure	  on	  the	  pile	  will	  be	  distributed	  over	  a	  larger	  length.	  	  The	  pressure	  will	  be	  higher	  with	  greater	  soil	  movement	  (Cai	  &	   Ugai,	   2000a);	   although	   for	   the	   upslope	   or	   pile	   at	   the	   crest	   there	   may	   not	   be	   enough	  displacement	  to	  mobilise	  arching	  (Ellis	  et	  al.,	  2010).	  	  Mid	  slope	  is	  also	  the	  best	  point	  to	  prevent	  slips	  forming	  up-­‐slope	  or	  down-­‐slope	  of	  the	  pile	  (Cai	  &	  Ugai,	  2000a).	  The	  study	  by	  Lee	  et	  al.	  (1995)	  did	  not	  agree	  with	  the	  findings	  stated	  above.	  	  It	  found	  the	  lowest	  improvement	  in	  factor	  of	  safety	  for	  piles	  placed	  at	  mid-­‐slope.	  	  This	  is	  probably	  a	  reflection	  not	  of	  the	   location	  of	   the	  pile	  but	  of	   the	   relative	   length	  of	   the	  pile	   and	   the	  depth	  of	   the	   slip	   surface.	  	  When	  the	  pile	  was	  placed	  at	  mid-­‐slope,	   its	  short	   length	  meant	  that	  only	  a	  small	  portion	  of	  the	  pile	  was	  in	  stable	  ground	  compared	  to	  the	  crest	  and	  toe	  placed	  piles.	  	  This	  left	  the	  mid-­‐slope	  pile	  more	  susceptible	  to	  rotation,	  drag	  failures	  or	  formation	  of	  the	  critical	  slip	  surface	  below	  the	  end	  of	   the	   pile.	   	   It	   is	   recommended	   that	   the	   piles	   be	   designed	   to	   a	   length	   at	   which	   the	   bending	  moment	   and	   shear	   force	   in	   the	   pile	   approach	   zero	  without	  movement	   of	   the	   base	   of	   the	   pile	  (Hassiotis	  et	  al.,	  1997),	  so	  that	  they	  act	  as	  an	  infinitely	  long	  pile.	   	  Sufficient	  length	  may	  also	  be	  referred	  to	  as	  the	  effective	  length	  (Davies	  &	  Budhu,	  1986),	  which	  is	  related	  to	  pile	  stiffness	  and	  diameter.	   	   It	   can	   be	   estimated	   as	   three	   times	   the	   depth	   to	   the	   maximum	   bending	   moment	  although	  this	  length	  will	  change	  as	  a	  result	  of	  load	  transfer	  after	  soil	  yielding.	  	  As	  the	  interaction	  depth	  and	  the	  length	  of	  the	  pile	  in	  stable	  soil	  are	  important	  (Ellis	  et	  al.,	  2010),	  there	  should	  be	  a	  consideration	   of	   factors	   that	   change	   the	   failure	   surface	   shape	   and	   position.	   	   Including	   piles	  within	  a	  slope	  is	  likely	  to	  change	  the	  critical	  failure	  surface;	  Wei	  and	  Cheng	  (2009)	  found	  that	  it	  made	  the	  surface	  shallower.	  	  The	  failure	  surface	  is	  also	  unlikely	  to	  be	  circular	  or	  continuous	  due	  to	  interruption	  by	  the	  pile	  (Cai	  &	  Ugai,	  2000a).	  The	  surface	  will	  generally	  be	  deeper	  and	  extend	  beneath	  the	  toe	  for	  a	  gentle	  slope	  or	  a	  low	  φ’	  or	  if	  the	  required	  factor	  of	  safety	  necessitates	  very	  rigid	  piles	  (Ausilio	  et	  al.,	  2001).	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Pile	  diameter	  is	  unlikely	  to	  change	  the	  position	  of	  the	  slip	  surface	  despite	  the	  large	  size	  of	  piles	  required	  for	  the	  lateral	  loads	  (Kim	  &	  Jeong,	  2011).	  	  Lee	  et	  al.	  (1995)	  found	  that	  a	  larger	  diameter	  meant	   higher	   bending	  moments	   and	   shear	   forces	   but	   there	  was	   little	   impact	   on	   the	   factor	   of	  Safety	  (Ellis	  et	  al.,	  2010).	  However,	  the	  spacing	  ratio	  remains	  important,	  as	  discussed	  in	  Section	  2.4.2	   it	   has	   a	   major	   impact	   on	   the	   formation	   of	   arching	   between	   piles.	   	   Arching	   provides	  additional	  stabilisation	  by	  transferring	  load	  from	  the	  soil	  between	  the	  piles	  to	  the	  piles	  and	  the	  stable	  ground	  below.	  	  When	  the	  piles	  are	  closer	  there	  is	  more	  pronounced	  arching	  (Cai	  &	  Ugai,	  2000a)	  and	   the	  soil	  does	  not	   reach	   the	  soil	   flow	   limit	  until	  more	  deformation	  has	   taken	  place	  compared	  to	  more	  widely	  spaced	  piles.	  	  The	  final	  design	  factor	  that	  will	  have	  a	  large	  impact	  on	  the	  behaviour	  and	  performance	  of	  a	  pile	  stabilisation	  scheme	  is	  the	  pile	  head	  conditions.	  	  The	  fixity	  of	  the	  pile	  head	  can	  be	  considered	  as	  free,	  un-­‐rotated,	  hinged	  or	  fixed.	   	  The	  un-­‐rotated	  head	  can	  be	  achieved	  with	  a	  buried	  concrete	  beam	  connecting	  the	  row	  of	  piles.	  	  A	  hinged	  pile	  head	  will	  use	  tie	  rods	  and/or	  tension	  anchors	  whilst	   the	   fixed	  head	  could	  have	  a	  buried	  beam	  and	   tie	  rods	   (Jeong	  et	  al.,	  2003).	   	  Modelling	  a	  fixed	  head	  is	  complicated	  for	  non	  numerical	  analyses	  as	  yield	  at	  the	  head	  precedes	  yield	  further	  down	  the	  pile	   (Davies	  &	  Budhu,	  1986).	   	  The	  head	  condition	  alters	   the	  distribution	  and	  size	  of	  displacements,	   bending	  moments,	   shear	   forces	   and	   pressure	   on	   the	   pile	   (Cai	   &	   Ugai,	   2000a).	  Fixed	  heads	  can	  sustain	  higher	  loads	  and	  the	  displacement	  at	  the	  head	  will	  be	  low.	  	  The	  hinged	  head	  also	  offers	  improvement	  in	  the	  reduction	  of	   lateral	  displacement	  at	  the	  head	  with	  a	  40%	  reduction	   in	   displacement	   compared	   to	   the	   free	   head	   situation	   (Davies	   &	   Budhu,	   1986).	   The	  reduced	  or	  zero	  displacement	  at	  the	  head	  of	  a	  pile	  will	  cause	  problems	  for	  use	  of	  the	  p-­‐y	  curve	  method,	  where	  the	  assumed	  displacement	  is	  often	  largest	  at	  the	  surface	  (refer	  to	  Figure	  2.28).	  	  The	  hinged	  head	  will	  have	  a	   larger	  shear	   force	  and	  the	   free	  head	  will	  have	  a	   larger	  maximum	  bending	  moment	  for	  the	  same	  loading.	   	  The	  hinged	  head	  and	  larger	  shear	  forces	  would	  be	  the	  preferable	  option.	  	  A	  large	  bending	  moment	  is	  likely	  to	  cause	  more	  yielding	  of	  the	  soil	  and	  larger	  relative	   pile-­‐soil	   displacement	   (Cai	   &	   Ugai,	   2000a).	   	   The	   recommendation	   to	   avoid	   free	   head	  piles	  is	  reiterated	  by	  Hassiotis	  et	  al.	  (1997),	  who	  advises	  to	  avoid	  free	  head	  conditions	  to	  limit	  the	  size	  of	  bending	  moment	  and	  shear	  forces.	  Investigations	   into	   the	   effects	   of	   pile	   location,	   length,	   diameter,	   spacing	   and	   head	   fixity,	   have	  been	   summarised.	   The	   preferred	   design	   would	   be	   a	   long,	   large	   diameter,	   fixed	   head	   pile	  installed	  in	  the	  mid-­‐slope	  with	  a	  close	  spacing	  appropriate	  for	  arching.	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 Incorporating	  Piles	  in	  Numerical	  Analyses	   	  2.5.There	  are	  many	  considerations	  when	  including	  piles	  in	  a	  numerical	  slope	  stability	  analysis.	  	  This	  section	  will	  evaluate	  the	  options	  in	  terms	  of	  inclusion	  within	  a	  mesh,	  how	  failure	  of	  the	  slope	  is	  imposed,	   the	   variables	   that	   are	   commonly	   investigated	   and	   how	   considering	   the	   aim	   of	   the	  analysis	  affects	  these	  options.	  The	  options	  for	  inclusion	  of	  a	  pile	  within	  a	  mesh	  will	  be	  discussed	  in	  Section	  2.5.1,	   including	  the	  elements	  that	  can	  be	  used,	  their	  properties	  and	  their	  placement.	  	  The	   examples	   of	   previous	   numerical	   analyses	   incorporating	   piles	   will	   be	   divided	   under	   the	  three	  headings	   that	   represent	   how	   failure	   of	   the	   soil	  was	   induced.	   	  Within	   these	   sections	   the	  aims	  of	  the	  analyses	  and	  variables	  considered	  will	  also	  be	  discussed,	  as	  they	  influence	  the	  choice	  of	   method	   for	   inducing	   failure.	   	   These	   sections	   will	   also	   assess	   the	   applicability	   of	   different	  methods	  and	  parameter	  values	  to	  modelling	  the	  stabilisation	  of	  a	  stiff	  clay	  cutting	  with	  piles.	  	  
2.5.1. Modelling	  Piles	  To	  model	  the	  soil	  -­‐	  pile	  interaction	  both	  the	  pile	  and	  the	  interface	  between	  the	  pile	  and	  the	  soil	  need	  to	  be	  included	  in	  the	  mesh.	  	  For	  the	  pile	  there	  are	  two	  options:	  the	  pile	  can	  be	  modelled	  as	  solid	  elements	  in	  a	  similar	  way	  to	  the	  surrounding	  soil	  continuum	  or	  beam	  (for	  2D,	  shell	  for	  3D)	  elements	   can	   be	   used.	   	   Structural	   elements	   within	   a	   soil	   may	   often	   be	   small	   in	   at	   least	   one	  dimension	   compared	   to	   the	   overall	   geometry	   of	   the	   problem	   but	   the	   solid	   elements	  representing	  the	  pile	  must	  follow	  the	  usual	  rules	  for	  producing	  an	  appropriate	  mesh	  where	  the	  aspect	  ratio	  of	  the	  elements	  is	  not	  too	  large,	  i.e.	  less	  than	  or	  equal	  to	  1	  to	  3	  (Potts	  &	  Zdravković,	  2001).	  	  This	  can	  lead	  to	  a	  large	  number	  of	  elements	  around	  the	  pile,	  which	  will	  increase	  the	  run	  time	  and	  complexity	  of	  the	  analysis.	  	  Using	  solid	  elements	  will	  provide	  detailed	  information	  on	  the	  distribution	  of	  stresses	  within	  the	  pile.	  	  	  The	  information	  required	  from	  pile	  elements	  is	  often	  the	  distribution	  of	  the	  average	  quantities	  in	  the	  structure	  along	  one	  dimension.	  	  In	  the	  case	  of	  the	  pile	  this	  would	  be	  the	  bending	  moment,	  shear	  force	  distribution	  and	  associated	  strains	  from	  the	  top	  to	  the	  base	  of	  the	  pile.	  	  These	  values	  can	  be	  calculated	  directly	  in	  the	  analysis	  by	  using	  the	  specially	  formulated,	  zero	  thickness	  beam	  elements	   to	   model	   the	   pile.	   	   This	   avoids	   the	   additional	   calculations	   needed	   to	   interpret	   the	  stresses	   in	   solid	   elements	   (Potts	   &	   Zdravković,	   1999).	   Beam	   elements	  were	   used	   by	   Durrani	  (2006)	  to	  model	  the	  distribution	  of	  relative	  pile	  to	  soil	  movement	  in	  a	  horizontal	  2-­‐dimensional	  slice.	  	  Beam	  elements	  modelled	  the	  pile	  as	  an	  elastic	  material	  and	  only	  required	  an	  output	  of	  pile	  pressure.	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Table	  2.1	  A	  summary	  of	  finite	  element	  and	  finite	  difference	  investigations	  of	  laterally	  loaded	  piles.	  
Source	   Method	  for	  movement	  of	  slope	  or	  pile	   Program	   2D	  or	  3D	   Slope	  dimensions	   Soil	  modelled	   Pile	  dimensions	   Pile	  modelled	   Interface	  elements	   Figures	  Durrani	  (2006)	  	  Ellis	  et	  al.	  (2010)	  
Shear	  strength	  reduction	   FLAC	   2D	  3D	   6m	  high,	  slope	  20°	  or	  30°	   φ	  =	  20°,	  c=2.5kPa	  	  and	  φ	  =	  20°	  c=0	  kPa	  	  K0=(1-­‐sinφ’)	  ru=0.3	  
L=15m,	  D=0.3m	  or	  1.2m,	  S=D	  or	  4D,	  	  
Solid	  elements,	  Concrete	  piles,	  position:	  upslope,	  midslope,	  downslope	  
No	   Figure	  2.35(b)	  
Chen	  &	  Martin	  (2002)	   Strength	  reduction	   FLAC	   3D	   6m	  high,	  Slope	  30°	  embankment	   φ	  =	  20°,	  c=3kPa	  	   D=1m,	  S=3m	  L=12m	   Solid	  elements,	  embedded	  at	  base	   Yes,	  for	  slippage	   	  Kim	  &	  Jeong	  (2011)	   Loading	  the	  top	  of	  the	  pile	   PLAXIS	   3D	   Horizontal	  ground	   Layered	  soil,	  varied	  properties	  for	  cu	  or	  φ	  =	  34°	  
Dp=1.016m	  or	  Dcs=2.4m	  Lcs=25.6m	  
Solid	  elements,	  Steel	  pile	  or	  concrete	  shaft	  from	  field	  tests	   Yes,	  with	  soil	  properties	   Figure	  2.31	  
Georgiadis	  &	  Georgiadis	  (2010)	  
Loading	  top	  of	  pile	  with	  horizontal	  force	  
PLAXIS	   3D	   8m,	  12m	  or	  15m	  high,	  slope	  angle,	  0°,	  20°,	  30°,	  40°	   cu=50kPa	  (also	  25	  &	  100kPa)	  E=10MPa	  (also	  5	  &	  20MPa)	  
L=12m	  or	  20m,	  D=1m,	  2m	  or	  0.5m,	   Solid	  elements,	  Concrete	  piles,	  varied	  adhesion	  of	  pile-­‐soil	  interface,	  crest	  position	  
Yes,	  zero	  tensile	  strength,	  	   Figure	  2.26	  Figure	  2.29	  
Liang	  &	  Yamin	  (2010)	   Loading	  the	  crest	  of	  the	  slope	  vertically	  
ABAQUS	   3D	   	   φ	  =	  0°	  to	  45°,	  c=0	  to	  100kPa	   L=5	  to	  13.5m	  D=0.6	  to	  3.6m,	  	   Solid	  elements,	  Concrete	  drilled	  shaft	  embedded	  in	  rock,	  midslope	  position	  
Yes,	  to	  permit	  slippage	  and	  gapping	  
Figure	  2.23	  
Cai	  &	  Ugai	  (2000)	   Shear	  strength	  reduction	   	   3D	   10m	  high	  slope	  1v:1.5h	   φ	  =	  20°,	  ψ=0°,	  c=10kPa,	  E=200MPa	   D=0.8m	  S=3D,	  various,	  	   Solid	  elements,	  Steel	  tube	  pile,	  midslope	  &	  embedded	  base	   Yes	   Figure	  2.35(a)	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Source	   Method	  for	  movement	  of	  slope	  or	  pile	   Program	   2D	  or	  3D	   Slope	  dimensions	   Soil	  modelled	   Pile	  dimensions	   Pile	  modelled	   Interface	  elements	   Figures	  Liang	  &	  Zeng	  (2002)	   Displacement	   PLAXIS	   2D	   Horizontal	  slice	  of	  unit	  thickness,	  	   φ	  =	  30°,	  ψ=2°,	  parametric	  study	  of	  φ	  and	  c	  
D=3cm	  S	  =2D	  to	  8D	   Solid	  elements	  Aluminium	  rods	  from	  experiment	  Adachi	  et	  al.	  (1989)	  
Yes	  with	  parameters	  2/3	  of	  soil	  values	  
Figure	  2.18	  to	  Figure	  2.20	  and	  Figure	  2.22	  Carder	  &	  Easton	  (2001)	   Unloading	  (excavation	  cutting)	  &	  coupled	  consolidation	  
SAGE	  CRISP	  97	  engine,	  FEMGV	  
3D	   8m	  high,	  slope	  1v:2h	  (27°)	  or	  1v:1.5h	  (34°)	   Stiff	  clay	  (no	  softening)	  K0=2,	  φ	  =	  20°,	  c’=12kPa,	  E=6.6	  or	  4MPa	  
D=0.8m,	  S=3D	  or	  6D	   Solid	  elements,	  constructed	  post-­‐excavation	  and	  after	  20yrs,	  midslope	  position	  
No	   	  
Kourkoulis	  et	  al.	  	  (2011)	   Displacement	  	   	   3D	   Horizontal	  ground	  for	  horizontal	  displacement	  of	  soil	  
Parametric	  study	  of	  soft	  soil	  to	  rock	   L=8m	  to	  16m,	  D=1m	  to	  1.4m	  S=2D	  to	  7D	  
Beam	  elements	  surrounding	  E=0	  solid	  elements,	  Concrete	  piles	  
Yes	   Figure	  2.32	  
Kourkoulis	  et	  al.	  	  (2012)	   Displacement	  and	  Strength	  Reduction	   	   3D	   Horizontal	  ground	  for	  displacement,	  Slope	  inclination	  of	  24°,	  22°	  or	  20°	  for	  strength	  reduction.	  
Soft	  sandy	  soil	  φ	  =	  28°	  (residual	  values	  19°,	  16°	  or	  14°),	  c	  =3kPa,	  ψ=2°	  
L=11m,	  D=0.915m	  S=2D	  or	  3D	   Beam	  elements	  surrounding	  E=0	  solid	  elements,	  Steel	  piles	  
Yes	   Figure	  2.32	  
Won	  et	  al.	  (2005)	   Strength	  Reduction	   FLAC	   3D	   10m	  high,	  1:1.5	  slope	  or	  13.7m	  high,	  23.7m	  wide	  (1:1.7	  slope)	  
φ	  =	  20°,	  c	  =10kPa,	  ψ=0°	  or	  φ	  =	  10°,	  c	  =24kPa,	  ψ=0°	  
D=0.8	  or	  0.62m,	  S=2.5D	  to	  4D,	  L	  varies	  
Solid	  elements,	  Steel	  cylinder	  or	  concrete:	  embedded	  at	  base	  
Yes,	  same	  elastic	  properties	  as	  soil	  
Figure	  2.34	  
Jeong	  et	  al.	  (2003)	   Displacement	   ABAQUS	   3D	   Horizontal	  displacement	  over	  10m	  depth	  for	  simplified	  method	  
Weathered	  soil,	  	  φ	  =	  34°,	  K0=0.5	   L=20m,	  D=0.4m,	  S=2.5D,	  5D	  or	  7D	  
Solid	  elements,	  Steel	  cylinder,	  varied	  restraint	  of	  top	  of	  pile	  
Yes	   Figure	  2.33	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Many	  methods	  have	  been	  proposed	  to	  model	   the	  soil-­‐structure	   interface	  where	  discontinuous	  behaviour	  may	  occur.	   	   If	   continuum	  elements	  were	  used	   then	   the	   structural	  and	  adjacent	   soil	  elements	  would	   have	   to	  move	   together	   and	   relative	  movement	  would	   be	   prohibited	   (Potts	  &	  Zdravković,	   1999).	   	   It	   has	   been	   noted	   in	   Section	   2.4.2	   that	   there	   can	   be	   relative	   movement	  between	   the	  soil	  and	   the	  pile	   therefore	   the	  chosen	  method	  should	  allow	   for	  slippage	   ideally	  a	  level	  that	  would	  occur	  just	  before	  failure	  of	  the	  system	  or	  before	  a	  serviceability	  failure	  due	  to	  excessive	   soil	   movement.	   	   Another	   option	   is	   to	   model	   the	   soil	   and	   pile	   interface	   as	   springs,	  which	   provide	   shear	   and	   normal	   stiffness	   and	   thus	   allow	   relative	  movement	   between	   nodes	  (Durrani,	   2006).	   	   Additionally,	   equations	   can	   be	   used	   to	   maintain	   compatibility	   of	   force	   and	  displacement	   at	   the	   interface	   by	   tying	   the	   degrees	   of	   freedom	  of	   stresses	   and	   displacements.	  	  Interface	  elements,	  also	  known	  as	   joint	  elements,	  are	  the	  most	  popular	  method	  used	  to	  model	  this	  boundary	  as	  they	  allow	  differential	  movement	  of	   the	  soil	  and	  structure	  and	  they	  can	  vary	  the	  constitutive	  behaviour	  at	  this	  interface	  (Potts	  &	  Zdravković,	  2001).	  	  	  	  Interface	   elements	   have	   zero	   or	   finite	   thickness	   and	   normal	   and	   shear	   stress	   components	   of	  stress	   that	   are	   related	   to	   the	   normal	   and	   tangential	   strains	   by	   constitutive	   equations.	   	   The	  elements	  can	  be	  prescribed	  a	  stiffness,	  exhibit	   linear	  elastic	   isotropic	  behaviour	  pre	  yield	  and	  yielding	   of	   the	   material	   modelled.	   	   To	   model	   slipping	   the	   interface	   elements	   can	   exhibit	   the	  same	  strength	  properties	  as	  the	  surrounding	  soil	  up	  to	  an	  ultimate	  value	  at	  which	  slip	  occurs.	  	  There	  is	  then	  a	  decrease	  in	  strength	  using	  the	  shear	  modulus	  (Kim	  &	  Jeong,	  2011)	  to	  simulate	  the	   formation	   of	   a	   slip	   surface.	   	   Another	   option	   is	   to	   specify	   a	   high	   stiffness	   for	   the	   interface	  element	   compared	   to	   the	   surrounding	   soil,	   but	   slip	   between	   the	   pile	   and	   soil	   will	   occur	   in	  response	  to	  a	  certain	  level	  of	  loading,	  simulating	  a	  rough	  interface	  (Durrani	  et	  al.,	  2008;	  Durrani,	  2006).	  Stiff	  interface	  elements	  were	  used	  in	  the	  2D	  analysis	  by	  Durrani	  (2006)	  to	  connect	  beam	  elements	   (pile)	   to	   the	  soil	   continuum	  elements.	   	   In	   three	  dimensions,	   interface	  elements	  have	  been	  used	  to	  model	  slippage	  and	  gapping	  in	  a	  piled	  slope	  analysis.	  	  This	  can	  be	  done	  with	  a	  zero	  tensile	  material	   (Georgiadis	  &	  Georgiadis,	  2010)	  or	  whilst	   still	  modelling	  a	   frictional	   interface	  (Liang	  &	  Yamin,	  2010).	  	  This	  interface	  can	  also	  be	  used	  to	  represent	  the	  disturbance	  caused	  by	  construction	  of	  the	  pile	  by	  reducing	  the	  strength	  properties	  in	  these	  elements.	  	  Liang	  and	  Zeng	  (2002)	  used	   interface	  elements	  with	   two	   thirds	  of	   the	   strength	  properties	  of	   the	   surrounding	  soil	  for	  this	  purpose.	  Modelling	   construction	  of	   the	  pile	   is	   the	  other	  main	   consideration	   for	   including	  piles	   in	   slope	  stability	   analyses.	   	   The	   pile	   installation	   process	   is	   rather	   complicated	   to	   model.	   	   For	   solid	  elements,	   the	   piles	   are	   usually	   just	   ‘wished	   in	   place’	   ignoring	   the	   installation	   effects	   (Kim	   &	  Jeong,	   2011).	   	   This	   is	   often	   accomplished	  by	   changing	   the	  material	   properties	   of	   the	   relevant	  elements	  and	  inserting	   interface	  elements	  along	  the	  boundaries	  (Cai	  &	  Ugai,	  2000a).	   	  This	  can	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be	  done	  at	   any	  point	  during	   the	   analysis.	   	  Georgiadis	   and	  Georgiadis	   (2010)	   changed	   the	  pile	  material	  after	  the	  gravity	  switch	  on	  method	  generated	  initial	  stresses	  in	  the	  soil.	  	  Kim	  and	  Jeong	  (2011)	  also	  installed	  the	  pile	  at	  this	  point	  by	  changing	  material	  properties	  to	  create	  a	  pile	  with	  assumed	  zero	  initial	  stresses.	   	  This	  method	  has	  also	  allowed	  investigation	  of	   installing	  piles	  at	  different	  times	  after	  a	  cutting	  has	  been	  excavated	  (Carder	  &	  Easton,	  2001).	  These	   analyses	   demonstrate	   that	   slope	   stabilisation	   piles	   can	   be	  modelled	  within	   a	   2D	   or	   3D	  numerical	  analysis	  as	  solid	  elements	  or	  beam	  elements.	   	  Beam	  elements	  directly	  output	  useful	  engineering	   information	   such	   as	   the	   bending	  moment	   and	   shear	   force	   distribution	   but	   are	   of	  zero	   thickness.	   	   The	   interface	   between	   the	   pile	   and	   soil	   can	   be	   modelled	   using	   springs,	  constraint	   equations	   or	   interface	   elements.	   	   Interface	   elements	   can	  model	   a	   frictional	   surface	  that	  permits	  slippage	  and	  gapping	  of	  the	  soil.	  They	  also	  have	  the	  potential	  to	  represent	  some	  of	  the	  disturbance	  caused	   to	  adjacent	  soil	  by	  pile	   installation.	   	   	   	  However,	   installation	  effects	  are	  generally	   ignored	   and	   the	   piles	   are	   placed	   in	   the	   slope	   simply	   by	   changing	   the	   material	  properties	  of	  the	  required	  elements.	  	  
2.5.2. Load	  Induced	  Failure	  Introducing	   an	   additional	   load	   to	   the	   analysis	   can	   induce	   failure	   of	   a	   slope	   or	   pile	   or	   soil	  movement.	   	   Load	   can	   be	   applied	   to	   either	   the	   pile	   or	   the	   soil	   depending	   on	   the	   aim	   of	   the	  analysis.	  	  To	  simulate	  lateral	  load	  pile	  tests,	  the	  load	  is	  applied	  at	  the	  top	  of	  the	  pile	  and	  only	  to	  the	   pile.	   	   	   This	   method	   was	   employed	   by	   Georgiadis	   &	   Georgiadis	   (2010)	   in	   finite	   element	  analyses	  that	  produced	  p-­‐y	  curves	  for	  a	  pile	  at	  the	  crest	  of	  a	  slope.	  	  The	  mesh	  for	  these	  analyses	  is	  shown	  in	  Figure	  2.29	  and	  a	  schematic	  of	  the	  loading	  and	  position	  of	  the	  pile	  for	  a	  side	  view	  of	  the	  analysis	  is	  shown	  in	  Figure	  2.26.	  	  	  Another	  finite	  element	  investigation	  modelled	  lateral	  load	  tests	   in	   horizontal	   soil	   layers.	   	   The	   results	   were	   compared	   to	   field	   measurements	   of	   pile	  deflection	  and	  with	  existing	  p-­‐y	  curve	  methods	  to	  produce	  new	  equations	  for	  p-­‐y	  curves	  (Kim	  &	  Jeong,	   2011).	   	   The	   3D	   mesh	   was	   a	   pile	   in	   horizontal	   ground	   with	   soil	   surrounding	   the	  circumference	   in	  all	  directions	   (see	  Figure	  2.31).	   	  A	  parametric	  study	  of	  generic	  clay	  was	  also	  carried	  out	  to	   look	  at	  the	  possible	  radius	  of	   interaction	  and	  its	   influencing	  factors	  such	  as	  pile	  diameter	  and	  rigidity.	  	  Applying	  a	  load	  to	  the	  top	  of	  the	  pile	  does	  not	  create	  a	  loading	  profile	  that	  is	  typical	  of	  a	  stabilisation	  pile	  in	  a	  slope.	  Load	   can	   also	   be	   applied	   to	   a	   mesh	   by	   applying	   a	   pressure	   over	   an	   area	   of	   soil,	   sometimes	  known	  as	  the	  load	  intensity,	  to	  cause	  failure	  of	  the	  slope.	  	  A	  load	  intensity	  value	  was	  applied	  at	  the	  crest	  of	  the	  3D	  slope	  by	  Liang	  and	  Yamin	  (2010),	  as	  shown	  in	  Figure	  2.23,	  to	  simulate	  soil	  movements	   that	  might	   occur	   in	   an	   unstable	   slope	   stabilised	  with	   piles.	   	   A	   3D	   diagram	   of	   the	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mesh	  employed	  is	  shown	  in	  Figure	  2.30.	  	  The	  aim	  of	  the	  analyses	  is	  to	  study	  the	  transfer	  of	  load	  to	  the	  pile	  by	  looking	  at	  the	  displacement	  and	  stresses	  upslope	  and	  down	  slope	  of	  the	  pile.	  This	  produced	  a	  load	  transfer	  factor	  that	  could	  be	  applied	  to	  2D	  pile	  design	  to	  represent	  the	  influence	  of	  soil	  arching	  and	  pile-­‐soil	  interaction	  in	  the	  third	  dimension.	  A	  parametric	  study	  looked	  at	  the	  effects	  on	  soil	  displacement	  and	  the	  load	  transfer	  factor	  of	  varying	  the	  soil	  properties,	  diameter,	  spacing,	  and	  length,	  and	  the	  location	  depth	  to	  the	  slip	  surface.	  Load	   induced	   failure	   can	   be	   used	   to	  model	   situations	  where	   the	   load	   that	   causes	   failure	   and	  where	  it	  acts	  are	  both	  known.	  	  It	  can	  also	  be	  used	  to	  create	  instability	  in	  the	  slope	  by	  simulating	  the	  appropriate	  magnitude	  of	  soil	  movement.	  	  	  It	  would	  not,	  however,	  be	  capable	  of	  modelling	  a	  delayed	  failure	  where	  the	  failure	  surface	  and	  stress	  and	  strain	  build	  up	  all	  begin	  at	  the	  foot	  of	  the	  slope	  as	  shown	  to	  be	  the	  case	  for	  delayed	  failure	  of	  cuttings	  in	  stiff	  clay	  (Potts	  et	  al.,	  1997).	  	  
	  
Figure	  2.29	  Mesh	  for	  loaded	  induced	  movement	  of	  pile	  (Georgiadis	  &	  Georgiadis,	  2010)	  	  
	   	  	  
Figure	  2.30.	  3D	  mesh	  for	  load	  intensity	  method,	  applied	  across	  the	  top	  of	  the	  crest	  (Liang	  &	  Yamin,	  2010)	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Figure	  2.31	  Mesh	  employed	   for	  3D	   finite	  element	  analysis	  of	  pile	  with	  a	   load	  applied	  at	   the	   top	  of	   the	  pile	  
(Kim	  &	  Jeong,	  2011)	  	  
2.5.3. Displacement	  Induced	  Failure	  An	   imposed	   displacement	   is	   the	  method	   generally	   used	   to	   study	   arching	   between	   piles.	   	   The	  work	   by	   Liang	  &	   Zeng	   (2002)	  was	   previously	   discussed	   in	   Section	   2.4.2	   and	   Figure	   2.20.	   	   An	  assumed	  triangular	  displacement	  was	  imposed	  between	  the	  piles	  in	  a	  2D	  horizontal	  slice.	   	  The	  parametric	  study	  looked	  at	  the	  influence	  of	  pile	  spacing,	  diameter	  and	  shape	  and	  soil	  properties	  on	  the	  development	  of	  arching.	  	  Durrani	  (2006)	  also	  used	  displacement	  in	  numerical	  analyses	  to	  model	   arching.	   	   First,	   a	   2D	   horizontal	   slice	   mesh	   was	   used	   with	   the	   pile	   displaced	   in	   steps,	  horizontally	  through	  the	  soil.	  	  The	  model	  created	  an	  unrealistic	  variation	  of	  out	  of	  plane	  stresses	  due	  to	  the	  plane	  strain	  assumption.	  	  The	  model	  was	  thus	  extended	  to	  three	  dimensions,	  with	  a	  slice	  of	  unit	  thickness	  placed	  under	  a	  constant	  overburden	  stress	  to	  restrict	  vertical	  movement	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and	   encourage	   the	   redistribution	   of	   vertical	   stresses.	   	   The	   effects	   of	   pile	   spacing,	   diameter,	  roughness	  and	  soil	  parameters	  were	  then	  investigated.	  	  
	  
(a)	  	   	   	   	   	   	   (b)	  
Figure	   2.32	   Schematic	   illustration	   of	   (a)	   the	   full	   pile	   and	   slope	   system	   (b)	   the	   simplified	   decoupled	  
methodology	  for	  estimation	  of	  ultimate	  pile	  resistance	  (Kourkoulis	  et	  al.,	  2012;	  Kourkoulis	  et	  al.,	  2011)	  	  
	  
Figure	   2.33	   Plan	   and	   side	   view	   of	   the	   finite	   element	  mesh	   and	   boundary	   conditions	   for	   analysis	   with	   an	  
imposed	  displacement	  of	  soil	  to	  study	  pile	  and	  pile	  group	  response	  (Jeong	  et	  al.,	  2003).	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To	   provide	   an	   insight	   into	   the	   behaviour	   of	   the	   full	   length	   of	   a	   pile,	   differential	   movement	  between	  the	  stable	  and	  unstable	  parts	  of	  a	  slope	  can	  be	  modelled	  using	  displacement.	  	  Instead	  of	  modelling	   the	   entire	   slope-­‐pile	   system	   (see	   Figure	   2.32(a)),	   a	   representative	   region	   of	   soil	  surrounding	   the	   pile	   provides	   a	   simplified	   model	   (see	   Figure	   2.32(b)	   and	   Figure	   2.33)	  (Kourkoulis	  et	  al.,	  2012;	  Kourkoulis	  et	  al.,	  2011;	   Jeong	  et	  al.,	  2003).	   	  This	  approach	   is	  useful	   if	  the	   focus	   is	  on	   the	  pile	   response	  or	  validation	  of	  an	  assumed	  displacement	  profile	   for	   the	  p-­‐y	  method.	   	   The	   calculation	   of	   pile	   lateral	   capacity	   and	   therefore	   appropriate	   pile	   dimensions	   is	  more	  efficient	  with	   this	   simplified	  method	  compared	   to	   simulation	  of	   the	  entire	   slope.	   	   It	   is	   a	  numerical	   extension	   of	   the	   approach	   that	   considers	   soil	   movement	   and	   pile	   response	  separately,	   discussed	   in	   Section	   2.4.5.	   	   As	   the	   applied	   displacement	   is	   purely	   horizontal,	   the	  slope	  geometry	  effects	  are	  not	  modelled.	  	  The	  presence	  of	  the	  pile	  is	  also	  assumed	  to	  not	  greatly	  affect	  the	  soil	  displacements	  in	  the	  slope	  or	  position	  of	  the	  slip	  surface,	  although	  a	  change	  in	  the	  slip	   surface	   position	   due	   to	   the	   addition	   of	   the	   pile	   has	   been	   demonstrated,	   e.g.	   Figure	   2.34	  (Won	  et	  al.,	  2005).	  Results	  using	   the	  simplified	  method	  were	  compared	   to	   three	  dimensional	  slope	  analyses	  with	  the	  same	  soil	  and	  pile	  parameters	  for	  different	  depths	  of	  unstable	  soil	  (Kourkoulis	  et	  al.,	  2012).	  	  In	  the	  three	  dimensional	  analyses	  the	  slope	  failure	  is	  triggered	  by	  reducing	  the	  soil	  strength	  on	  a	  predetermined	  sliding	  interface.	  	  The	  piles	  stabilised	  the	  slopes	  and	  reduced	  soil	  displacements	  to	  less	  than	  5cm	  for	  the	  4	  to	  8m	  deep	  layer	  of	  unstable	  material	  in	  a	  20°	  to	  24°	  angled	  slope.	  	  The	  horizontal	  deflection	  of	  the	  pile	  head	  from	  the	  FE	  analyses,	  once	  the	  slope	  has	  been	  stabilised,	  is	  compared	   to	   the	   applied	   displacement	   required	   for	   the	   simplified	   method.	   	   This	   is	   the	  displacement	  required	  for	  piles	  of	  the	  same	  configuration	  as	  the	  full	  slope	  analyses,	  to	  offer	  the	  resisting	  force	  required	  for	  a	  factor	  of	  safety	  of	  1.0,	   in	  other	  words	  equal	  resisting	  and	  driving	  forces.	  	  A	  comparison	  of	  the	  pile	  deflections	  for	  the	  full	  slope	  and	  simplified	  method	  results	  had	  a	  variation	  of	  less	  than	  10%	  and	  in	  most	  cases	  3	  to	  6%,	  with	  the	  simplified	  method	  always	  over	  predicting	   the	   necessary	   pile	   deflections.	   	   The	   simplified	   method	   offers	   a	   computationally	  efficient	  tool	  for	  estimating	  the	  lateral	  capacity	  of	  a	  pile	  compared	  to	  a	  full	  finite	  element	  slope	  and	  pile	  analysis.	  	  The	  single	  value	  used	  for	  soil	  strength	  at	  the	  unstable/stable	  interface	  would	  not	  allow	  the	  process	  of	  progressive	  failure	  to	  be	  modelled.	  	  
2.5.4. Strength	  Reduction	  Method	  The	  strength	  reduction	  method	  in	  slope	  stability	  analysis	  is	  only	  concerned	  with	  the	  behaviour	  at	   failure	   and	   not	   the	   gradual	   development	   of	   mechanisms	   due	   to	   time	   effects	   that	   lead	   to	  failure.	  	  It	  is	  often	  used	  to	  calculate	  the	  factor	  of	  safety	  of	  the	  slope,	  including	  slopes	  that	  contain	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piles.	   	   Several	   investigations	   of	   stabilisation	   piles	   in	   slopes	   have	   been	   performed	   using	   this	  method	  to	  cause	  slope	  failure	  and	  observe	  pile	  reaction	  for	  different	  pile	  diameters,	  spacing	  and	  position	  between	  the	  crest	  and	  toe	  of	  the	  slope.	  	  	  Cai	  &	  Ugai	  (2000a)	  performed	  3D	  finite	  element	  slope	  analyses,	  modelling	  half	  of	  a	  pile	  and	  half	  the	   spacing	   to	   the	  next	  pile	  as	   shown	   in	  Figure	  2.35(a).	   	  The	  pile	   is	  modelled	  as	   linear	  elastic	  with	  rigid–plastic	  interface	  elements	  between	  the	  pile	  and	  the	  soil	  and	  failure	  is	  induced	  using	  the	  shear	  strength	  reduction	  method.	  	  The	  base	  of	  the	  pile	  is	  fixed	  and	  models	  pile	  embedment	  into	  bedrock	  or	  a	  stable	  layer.	  	  The	  pile	  was	  placed	  at	  different	  positions	  in	  the	  slope,	  different	  pile	  head	  conditions	  were	  imposed	  and	  the	  width	  of	  the	  mesh	  was	  varied	  to	  simulate	  different	  pile	   spacings.	   	  These	  analyses	  were	   compared	   to	   limit	   equilibrium	  calculations	  employing	   the	  Bishop’s	   simplified	   method,	   with	   the	   pile	   modelled	   as	   a	   stabilising	   force.	   	   Two	   pile	   head	  conditions	  were	  modelled	   for	   the	   top	  of	   the	  pile,	  modelled	  as	  hinged	  with	   reduced	  horizontal	  displacement	  or	  free	  with	  no	  restriction	  of	  movement	  of	  the	  top	  of	  the	  pile.	  The	  effects	  of	  these	  parameters	  compared	  to	  the	  variation	  of	   the	  factor	  of	  safety	  are	  presented	  in	  Figure	  2.(a)	  and	  (b).	   	   The	   Bishop’s	   simplified	   method	   cannot	   consider	   different	   pile	   head	   conditions,	   but	   the	  results	  are	  similar	  to	  the	  free	  head	  finite	  element	  results.	  	  The	  results	  show	  an	  expected	  drop	  in	  the	  factor	  of	  safety	  as	  the	  pile	  spacing	  increases,	  Figure	  2.(a).	  	  There	  is	  a	  change	  in	  the	  factor	  of	  safety	  with	  the	  horizontal	  distance	  of	  the	  pile,	  Wx	  from	  the	  toe	  of	  the	  slope,	  shown	  for	  piles	  with	  spacing	  equal	  to	  three	  diameters	  in	  Figure	  2.(b).	  	  The	  pile	  position	  is	  presented	  as	  the	  horizontal	  distance	  of	  the	  pile	   from	  the	  toe	  of	   the	  slope	  over	  the	  width	  of	  the	  slope,	  W.	   	  At	  the	  toe	  of	   the	  slope	   Wx/W	   =	   0	   and	   at	   the	   crest	   of	   the	   slope	   Wx/W	   =	   1.	   	   The	   most	   stable	   position	   of	   an	  embedded	  pile	  is	  in	  the	  midslope	  position	  for	  a	  hinged	  pile	  and	  slightly	  above	  midslope	  for	  the	  free	  head	  pile	  and	  the	  limit	  equilibrium	  results.	  The	   influence	   of	   spacing	   and	   pile	   position	  were	   also	   investigated	   by	  Won	   et	   al.	   (2005)	   for	   a	  model	  with	   the	   same	   boundary	   conditions	   as	   employed	   for	   Cai	  &	  Ugai	   (2000a),	   but	   different	  slope	  dimensions.	  	  The	  strength	  reduction	  method	  is	  employed	  until	  the	  finite	  element	  program	  used	  cannot	  converge	  on	  a	  solution.	  	  The	  factor	  of	  safety	  results	  are	  summarised	  in	  Figure	  2.(c)	  and	  (d).	  	  A	  comparison	  of	  the	  results	  is	  made	  to	  limit	  equilibrium	  results	  employing	  the	  Bishop	  simplified	  method.	  	  In	  Figure	  2.(c),	  finite	  element	  results	  for	  a	  spacing	  of	  2.5	  pile	  diameters	  are	  compared	   to	   results	   for	   limit	   equilibrium	   and	   a	   pressure	   based	   coupled	   analysis	   following	  Hassiotis	  et	  al.	  (1997).	  Won	  et	  al.	  (2005)	  found	  that	  a	  pile	  in	  the	  midslope	  position	  contributed	  the	  most	  to	  an	  increase	  in	  stability	  for	  different	  pile	  spacings	  and	  a	  free	  or	  hinged	  pile	  head.	  	  The	  results	  by	  Cai	  &	  Ugai	  (2000a)	  and	  Won	  et	  al.	  (2005)	  both	  model	  a	  pile	  embedded	  in	  a	  stiff	  soil	  or	  rock.	   	  The	  base	  of	   the	  pile	   is	   therefore	   immobile	  and	  does	  not	  allow	  for	  development	  of	  a	  slip	  surface	   underneath	   the	   pile.	   	   In	   an	   excavated	   stiff	   clay	   slope	  with	   a	   stabilisation	   pile	   existing	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entirely	  within	  the	  stiff	  clay,	  the	  base	  of	  the	  pile	  can	  move	  with	  the	  soil	  and	  alternative	  failure	  mechanisms	  could	  therefore	  occur.	  	  This	  would	  affect	  the	  contribution	  of	  a	  pile	  to	  an	  increase	  in	  the	  factor	  of	  safety	  and	  a	  direct	  comparison	  with	  the	  results	  shown	  in	  Figure	  2.	  should	  consider	  the	  different	  failure	  mechanisms.	  	  	  
	  
Figure	  2.34	  Comparison	  of	   critical	   slip	   surface	  depth	   for	  a	  FLAC	  3D	  analysis	  with	  shear	  strength	   reduction	  
and	   a	   limit	   equilibrium	   analysis	   using	   Bishop’s	   simplified	   method	   where	   the	   reaction	   of	   the	   pile	   is	  
determined	  using	  the	  Ito	  and	  Matsui	  method	  (Won	  et	  al.,	  2005).	  	  
	  
	  	   	   	   (a)	   	   	   	   	   	   	   (b)	  
Figure	  2.35	  Mesh	  for	  strength	  reduction	  induced	  failure	  of	  slope	  (a)	  (Cai	  &	  Ugai,	  2000b),	  (b)	  (Durrani,	  2006)	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The	  strength	  reduction	  method	  is	  a	  useful	  tool	  to	  study	  the	  interaction	  of	  piles	  and	  slopes	  and	  provides	  a	  single	  value	  to	  represent	  the	  contribution	  of	  the	  pile	  to	  slope	  stability.	  	  Although,	  the	  increase	   in	   factor	   of	   safety	   is	   important	   when	   validating	   the	   design	   of	   a	   slope	   stabilisation	  system,	  the	  reduction	  in	  soil	  properties	  may	  affect	  the	  outcome	  of	  the	  results.	  	  This	  method	  also	  only	   studies	   the	  pile	  and	  slope	   interaction	  at	   failure	  and	  does	  not	  provide	   information	  on	   the	  working	  loads	  and	  the	  expected	  movements	  of	  the	  soil	  and	  pile	  when	  the	  slope	  is	  stabilised.	  	  
	  
Figure	  2.36	  Variation	  of	  Factor	  of	  safety	  with	  pile	  diameter,	  D,	  spacing,	  S,	  permitted	  movement	  of	  pile	  head	  
and	  pile	  location	  between	  the	  crest	  and	  toe	  of	  the	  slope,	  Wx.	  (a)	  and	  (b)	  Cai	  &	  Ugai	  (2000a)	  (c)	  and	  (d)	  Won	  et	  
al.	  (2005).	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 Summary	  2.6.The	  pile	  and	  soil	   interactions	   in	  a	   failing	  slope	  are	  a	  complex	  and	   three	  dimensional	  problem.	  This	   section	  has	  presented	   the	   causes	  of	   failure	   in	   a	   stiff	   clay	   cutting	  and	   the	  development	  of	  delayed	  and	  progressive	  failure.	  	  The	  options	  for	  modelling	  a	  stiff	  clay	  cutting	  were	  considered.	  	  The	   limit	   analysis	   method	   cannot	  model	   strain	   softening	   and	   the	   limit	   equilibrium	  methods,	  which	  do	  aim	  to	  model	  stiff	  clay,	  make	  many	  assumptions	  about	  the	  strain	  softening	  behaviour	  that	  do	  not	  reflect	  the	  real	  soil	  behaviour.	  	  Numerical	  methods	  offer	  the	  best	  solution	  as	  they	  can	  best	  model	  the	  development	  and	  impacts	  of	  strain	  softening.	  	  	  The	   current	   methods	   of	   design	   for	   laterally	   loaded	   piles	   were	   then	   discussed	   as	   well	   as	   the	  mechanism	   of	   soil	   arching	   and	   its	   potential	   inclusion	   in	   the	   design	   of	   laterally	   loaded	   piles.	  	  Although	  the	  pressure	  based	  design	  method	  offers	  reasonable	  results	  for	  a	  limited	  range	  of	  pile	  spacing	   the	  displacement	  based	  methods	   are	  more	  popular	   in	   industry.	   	   These	  methods	  offer	  results	  in	  terms	  of	  bending	  moment	  and	  shear	  force	  distribution	  for	  assumed	  soil	  displacement	  along	   the	   pile.	   	   Results	   are	   comparable	   to	   field	  measurements	   but	  most	   neglect	   arching	   and	  other	  3D	  processes	  that	  act	  on	  piles	  when	  they	  are	  placed	  in	  a	  row	  to	  stabilise	  a	  slope.	  	  The	  pile	  failure	  mechanisms	  and	  their	  causes	  need	  to	  be	  considered	  when	  modelling	  stabilisation	  piles	  to	  ensure	  that	  the	  critical	  failure	  mode	  has	  not	  been	  overlooked.	  	  Investigations	  into	  the	  effects	  of	  pile	  location,	  length,	  diameter,	  spacing	  and	  head	  fixity	  were	  summarised.	  The	  preferred	  design	  would	  be	  a	  long,	  large	  diameter,	  fixed	  head	  pile	  installed	  in	  the	  mid-­‐slope	  with	  a	  close	  spacing	  appropriate	  for	  arching.	  This	  will	  aid	  the	  selection	  of	  parameters	  in	  future	  analyses.	  Finally	   there	  was	   a	   discussion	   on	   how	  piles	   are	   incorporated	   into	   a	   numerical	   analysis	   using	  solid	  or	  beam	  elements	  and	  interface	  elements.	  	  Previous	  numerical	  analyses	  that	  have	  included	  piles	  were	  evaluated	  in	  terms	  of	  the	  way	  failure	  of	  the	  slope	  or	  pile	  was	  induced	  and	  the	  aim	  of	  the	  analysis	  as	  a	  whole.	   	  The	  mechanisms	   that	  cause	  delayed	  and	  progressive	   failure	   in	  a	  stiff	  clay	   cutting	   could	   cause	  unique	  problems	  within	   the	  pile	   stabilisation	   scheme.	   	   There	   is	   little	  research	  into	  the	  interaction	  of	  piles	  and	  stiff	  clay,	  especially	  when	  a	  slope	  is	  allowed	  to	  fail	  over	  time	  with	   progressive	   failure	   developing	   along	   any	   potential	   slip	   surfaces	   and	   as	   soil	   moves	  relative	  to	  the	  piles.	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Chapter	  3. Tools	   to	  Model	   Stiff	   Clay	   Cuttings	   and	   Stabilisation	   Piles	   using	  
the	  Finite	  Element	  Method	  	  
 Introduction	  3.1.The	  finite	  element	  analyses	  presented	  in	  this	  thesis	  employ	  the	  Imperial	  College	  Finite	  Element	  Program	   (ICFEP).	   	   Previous	   analyses	   have	   successfully	   modelled	   excavation	   of	   London	   Clay	  slopes	  using	  tools	  that	  are	  currently	  available	  to	  all	  ICFEP	  users.	  	  A	  review	  of	  the	  requirements	  for	   modelling	   a	   cutting	   analysis	   in	   stiff	   clay	   is	   necessary	   to	   evaluate	   the	   existing	   tools.	   The	  additional	  needs	  of	  finite	  element	  analyses	  that	  include	  vertical	  stabilisation	  piles	  must	  also	  be	  identified.	  	  The	  suitability	  of	  existing	  ICFEP	  models	  and	  methods	  to	  meet	  both	  the	  existing	  and	  additional	  requirements	  for	  these	  is	  assessed	  in	  this	  chapter.	  	  Preliminary	  analyses	  test	  the	  use	  of	   the	   existing	   models,	   looking	   particularly	   at	   the	   mesh	   dependency	   of	   the	   strain	   softening	  material	  models	  and	  the	  development	  of	  the	  slip	  surface	  in	  a	  failing	  slope.	  	  Potential	  solutions	  to	  mesh	  dependency	  of	   the	  strain	  softening	  models	  are	  discussed.	   	  The	  nonlocal	   strain	  softening	  method	   is	   chosen	   as	   an	   appropriate	   model	   for	   implementation	   in	   ICFEP	   to	   model	   stiff	   clay	  cuttings	  with	  stabilisation	  piles.	  	  
 Existing	  tools	  available	  in	  ICFEP	  3.2.The	   ICFEP	   program	   (Imperial	   College	   Finite	   Element	   Program)	   has	   been	   used	   for	   all	   the	  analyses	   carried	   out	   for	   this	   project.	   	   It	   can	   model	   a	   wide	   range	   of	   complex	   soil	   behaviour	  including	   coupled	   consolidation	   and	   has	   advanced	   constitutive	   models	   with	   strain	   softening.	  	  There	   is	   also	   flexibility	   for	   the	   development	   of	   new	   and	   existing	   content.	   	   It	   employs	   an	  accelerated	   modified	   Newton-­‐Raphson	   iterative	   scheme	   with	   a	   modified	   Euler	   sub-­‐stepping	  stress	  point	  algorithm	  to	  solve	  the	  nonlinear	  finite	  element	  equations	  (Potts	  &	  Ganendra,	  1994).	  	  	  Plane	  strain	  eight-­‐noded	  isoparametric	  elements	  with	  reduced	  integration	  were	  used.	  	  All	  eight	  nodes	  of	  the	  element	  had	  displacement	  degrees	  of	  freedom	  but	  only	  the	  four	  corner	  nodes	  had	  pore	  water	   pressure	   degrees	   of	   freedom.	   	   This	   permits	   the	   pore	   pressures	   to	   vary	   across	   an	  element	  in	  the	  same	  way	  as	  the	  effective	  stresses.	  	  The	  displacements	  are	  used	  to	  calculate	  the	  strains	   and	   the	   stress	   changes	   are	   estimated	   by	   integrating	   the	   constitutive	  model	   along	   the	  incremental	  strain	  path.	  	  In	  the	  case	  of	  linear	  materials,	  the	  pore	  pressures	  and	  soil	  stresses	  will	  vary	   linearly	   across	   the	   element	   using	   4	   nodes	   and	   the	   displacements	  will	   vary	   quadratically	  using	  8	  nodes,	  as	  the	  differentiation	  of	  a	  quadratic	  variation	  will	  be	  linear.	   	  Nonlinear	  material	  models	  use	  the	  same	  arrangement	  for	  degrees	  of	  freedom	  with	  more	  complex	  relationships	  for	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the	   soil	   properties	   as	  discussed	   in	   Section	  3.2.1.	   	  This	   includes	   the	  nonlinear	  models	   that	   can	  represent	   the	   strain	   softening	   behaviour	   of	   soft	   clay	   and	   other	   mechanical	   behaviour	   e.g.	  stiffness.	   	  In	  addition	  to	  nonlinear	  material	  models,	  other	  appropriate	  tools	  are	  also	  discussed.	  	  These	  include	  permeability	  models	  and	  initial	  stress	  definition.	  	  
3.2.1. Constitutive	  material	  models	  used	  Real	  soil	  behaviour	  is	  highly	  nonlinear	  with	  both	  strength	  and	  stiffness	  depending	  on	  stress	  and	  strain	   levels.	   	   For	   realistic	   predictions	   to	   be	   made	   of	   practical	   geotechnical	   problems,	   a	  constitutive	  model	  more	  complex	  than	  linear	  elasticity	  is	  required	  (Potts	  &	  Zdravković,	  1999).	  A	  Mohr-­‐	  Coulomb	  elasto-­‐plastic	  model	  offers	  improved	  representation	  of	  the	  soil	  behaviour,	  using	  effective	  stresses.	   	  Other	  simple	  elasto-­‐plastic	  models	  such	  as	  Tresca,	  Von	  Mises	  and	  Drucker-­‐Prager	  are	  also	  available.	  	  Both	  the	  Mohr	  Coulomb	  &	  Tresca	  models	  have	  already	  been	  extended	  to	   include	  strain-­‐softening	  behaviour	  and	  the	  Mohr-­‐Coulomb	  model	  was	  previously	  applied	  to	  stiff	   clay	   cutting	   analyses	   (Potts	   et	   al.,	   1997;	  Kovacevic,	   1994).	   	   	   The	   existing	   strain	   softening	  options	  of	  both	  models	  are	  discussed	  further	  in	  Section	  3.2.2	  The	   elasto-­‐plastic	   theory	   provides	   a	   framework	   for	   modelling	   soil	   behaviour	   and	   the	   Mohr-­‐Coulomb	  criterion	  is	  used	  to	  describe	  the	  failure	  of	  the	  material.	  	  In	  an	  elasto-­‐plastic	  model,	  the	  initial	   behaviour	   of	   the	   material	   is	   elastic	   until	   it	   reaches	   a	   yield	   stress	   at	   which	   plastic	  behaviour	  begins.	  	  At	  least	  the	  three	  following	  ingredients	  must	  be	  specified	  for	  this	  model;	  (1)	  the	  coincidence	  of	  accumulated	  stress	  and	   incremental	  plastic	  strain	  axes,	   (2)	  a	  yield	   function	  and	  (3)	  a	  plastic	  potential	   function.	  A	   fourth	  optional	  part	  of	  modelling	  the	  soil	  behaviour	   is	  a	  definition	  of	   the	  variation	  of	   the	   state	  parameters,	   k.	   	  The	  yield	   function	  and	  plastic	  potential	  function	  will	  be	  described	  here	  whilst	  the	  variation	  of	  state	  parameters	  relates	  to	  hardening	  or	  softening	  behaviour	  and	  will	  be	  explained	  in	  Section	  3.2.2.	  The	  combination	  of	  stresses	  at	  which	  the	  material	  first	  yields	  and	  then	  plastic	  behaviour	  occurs	  is	  determined	  by	  the	  yield	   function	  as	  shown	  in	  Figure	  3.1.	   	  The	  yield	   function	  F,	   for	  the	  yield	  curve	  (2D)	  or	  surface	  (3D)	  is	  defined	  in	  terms	  of	  the	  stress	  state	  σ	  and	  state	  parameters	  k.	  When	  the	  yield	  function	  is	  less	  than	  0	  the	  behaviour	  is	  elastic	  and	  when	  the	  yield	  function	  is	  equal	  to	  0	  the	   behaviour	   is	   plastic.	   	   The	   yield	   function	   cannot	   be	   greater	   than	   0.	   The	   axes	   of	   Figure	   3.1	  represent	   the	   principal	   stresses;	   σ1	   is	   the	   major	   principal	   stress	   and	   σ3	   the	   minor	   principal	  stress.	   	  The	  plastic	  potential	  function	  is	  used	  in	  the	  flow	  rule	  to	  specify	  the	  direction	  of	  plastic	  straining	   at	   every	   stress	   state.	   	   The	   plastic	   potential	   is	   a	   function	   of	   stress	   σ	   and	   state	  parameters.	   	   	  As	   this	   is	  a	  similar	  definition	  to	   the	  yield	   function,	  a	  simplification	   is	  sometimes	  made	  by	  assuming	  the	  plastic	  potential	  function	  to	  be	  the	  same	  as	  the	  yield	  function.	  	  The	  flow	  
	  	   111	  
rule	   is	   then	   said	   to	   be	   associated	   and	   the	   plastic	   strain	   vector	   is	   normal	   to	   the	   yield	  curve/surface,	   also	   known	   as	   the	   normality	   condition.	   	   When	   the	   yield	   and	   plastic	   potential	  functions	  are	  different,	   the	  flow	  rule	   is	  considered	  to	  be	  non-­‐associated.	   	   ICFEP	  can	  model	  the	  associated	  and	  non-­‐associated	  flow	  rule	  by	  requesting	  a	  value	  for	  the	  dilation	  angle	  Ψ’.	  	  
	  
Figure	  3.1	  Graphical	  presentation	  of	  the	  yield	  function	  within	  the	  axes	  of	  the	  principal	  stresses;	  in	  2D:	  a)	  and	  
3D:	  b)	  (Potts	  &	  Zdravković,	  1999)	  	  The	  failure	  of	  material	  in	  a	  Mohr-­‐Coulomb	  model	  is	  described	  by	  the	  Coulomb	  failure	  criterion,	  Equation	  (3.1),	  which	  is	  a	  line	  tangential	  to	  the	  Mohr’s	  circles	  of	  stress	  at	  failure.	  	  The	  equation	  relates	  the	  normal	  effective	  stress,	  σ’	  and	  shear	  stress,	  τ	  using	  the	  two	  strength	  parameters;	  the	  angle	  of	  shearing	  resistance,	  φ’	  and	  the	  cohesion,	  c’.	  	  Equations	  (3.2)	  and	  (3.3)	  define	  the	  Mohr-­‐Coulomb	  yield	  surface	  with	   its	  shape	  in	  the	  deviatoric	  plane	  as	  a	  Mohr	  Coulomb	  hexagon.	  The	  three	   invariants	   used	   to	   define	   this	   shape,	   (3.4)	   to	   (3.6),	   have	   geometric	   significance	   in	   the	  effective	  stress	  space	  (Davis	  &	  Selvadurai,	  2002;	  Potts	  &	  Zdravković,	  1999).	  	  The	  mean	  effective	  stress,	   p’	   is	   the	   average	   of	   the	   normal	   stresses	   in	   three	   principal	   directions,	   where	   σ2	   is	   the	  intermediate	  stress,	  equation	  (3.6).	  	  It	  is	  a	  measure	  of	  the	  distance	  of	  the	  deviatoric	  plane	  from	  the	  origin	  of	  the	  three	  axes	  along	  the	  space	  diagonal	  (σ1	  =	  σ2	  =	  σ3).	  Lode’s	  angle,	  θ	  provides	  the	  orientation	   of	   the	   current	   stress	   state	   in	   the	   deviatoric	   plane,	   equation	   (3.5).	   The	   second	  invariant	   of	   deviatoric	   stress,	   J	   provides	   a	  measure	   of	   the	  distance	   of	   the	   current	   stress	   state	  from	  the	  space	  diagonal	  within	  the	  deviatoric	  plane,	  equation	  (3.4).	   	  The	  Mohr-­‐Coulomb	  elasto	  plastic	  model	   also	   requires	   the	   specification	   of	   Young’s	  modulus,	   E,	   and	   Poisson’s	   ratio,	   ν,	   to	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model	  the	  elastic	  behaviour.	  	  When	  non-­‐associated	  conditions	  for	  the	  flow	  rule	  are	  required,	  the	  angle	   of	   dilation,	  ψ’,	   is	   specified.	   	   The	   angle	   of	   dilation,	  Ψ’	   replaces	  φ’	   in	   the	  plastic	   potential	  function	  so	  the	  function	  is	  no	  longer	  equivalent	  to	  the	  yield	  function.	  	  	   𝜏 = 𝑐! + 𝜎′ tan𝜑′	   (3.1)	  	  
𝐹 𝜎 = 𝐽𝑐′sinφ′ − 𝑝′ .𝑔 𝜃 	   (3.2)	  Where;	  
𝑔 𝜃 = sinφ′cos 𝜃 − sin 𝜃 . sinφ′3! 	   (3.3)	  
	  	   𝐽 = 16 𝜎′! − 𝜎′! ! + 𝜎′! − 𝜎′! ! − 𝜎′! − 𝜎′! !	   (3.4)	  tan 𝜃 = 2𝜎! − 𝜎! − 𝜎!3 𝜎! − 𝜎! 	   (3.5)	  
𝑝′ = 𝜎! + 𝜎! + 𝜎!3 	   (3.6)	  	  A	  Tresca	  yield	  surface	  model	  is	  used	  for	  undrained	  soil	  behaviour	  in	  terms	  of	  total	  stress.	  	  For	  an	  undrained	  soil,	  shear	  strength	  of	  the	  soil,	  τ,	  is	  defined	  as	  half	  the	  difference	  between	  the	  major	  stress,	  σ1,	  and	  the	  minor	  stress,	  σ3,	  Equation	  (3.7).	  	  	  The	  shear	  strength	  is	  often	  referred	  to	  as	  the	  undrained	  shear	  strength	  and	  given	  the	  notation	  Su.	  	  This	  notation	  is	  used	  in	  the	  definition	  of	  the	  yield	  surface	  using	  this	  failure	  criterion.	  	  The	  yield	  function	  that	  defines	  the	  Tresca	  yield	  surface	  is	  shown	  in	  Equation	  (3.8)	  (Potts	  &	  Zdravković,	  1999).	  
𝜏 = 𝜎! − 𝜎!2 	   (3.7)	  	   	  
	   𝐹 𝜎 = 𝐽𝑐𝑜𝑠𝜃𝑆! − 1	   (3.8)	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3.2.2. Extension	  of	  constitutive	  model	  to	  account	  for	  strain	  softening	  In	  perfect	  plasticity	  the	  state	  parameters,	  k,	  are	  constant	  and	  represent	  the	  magnitude	  of	  stress	  at	  yield.	   	  For	  hardening	  or	  softening	  the	  state	  parameters,	  k,	  vary	  with	  plastic	  strain.	   	  Whether	  the	  state	  parameters	  decrease	  or	   increase	  with	   the	  magnitude	  of	  plastic	   strain	   is	   called	  strain	  hardening	   or	   softening	   respectively.	   The	   Mohr-­‐Coulomb	   model	   can	   be	   used	   to	   model	   strain	  softening	  or	  strain	  hardening	  by	  relating	  the	  two	  strength	  parameters	  i.e.	  the	  angle	  of	  shearing	  resistance,	   φ’,	   and	   the	   cohesion,	   c’,	   to	   current	   plastic	   strain.	   The	   Tresca	   model	   relates	   the	  undrained	  strength,	  Su,	  to	  the	  current	  plastic	  strain.	  	  In	  ICFEP	  the	  strain	  softening	  behaviour	  can	  be	  defined	  in	  terms	  of	  the	  variation	  of	  plastic	  strain	  or	  displacement.	  	  These	  are	  referred	  to	  as	  local	  strain	  softening	  methods	  because	  the	  size	  of	  the	  displacement	  vector	  local	  to	  the	  point	  of	  calculation	  is	  used	  as	  reference	  for	  the	  strain	  softening	  limits	  in	  isolation	  of	  the	  displacements	  at	  surrounding	  calculation	  points	  or	  nodes.	  	  The	  strength	  of	  the	  soil	  is	  specified	  for	  certain	  values	  of	  plastic	  strains	  or	  displacements,	  usually	  these	  refer	  to	  the	  initial,	  peak	  and	  residual	  strength	  of	  the	  material.	  	  This	  relationship	  is	  plotted	  in	  Figure	  3.2	  for	  φ’	  and	  c’	  with	  a	  model	  employing	  the	  Mohr-­‐Coulomb	  yield	  surface.	  	  The	  strengths	  at	  plastic	  strains	   or	   displacements	   in	   between	   the	   initial,	   peak	   and	   residual	   points	   are	   defined	   by	   a	  relationship	   between	   the	   specified	   points.	   	   This	   relationship	   can	   be	   linear	   or	   exponential	   as	  shown	  in	  Figure	  3.2.	  	  The	  Tresca	  model	  requires	  the	  specification	  of	  ratios	  for	  initial	  to	  peak	  and	  peak	  to	  residual	  strength	  to	  vary	  the	  undrained	  strength,	  Su,	  in	  addition	  to	  plastic	  strain	  limits	  at	  which	  these	  strengths	  are	  applied.	  	  	  
	  
Figure	   3.2	   Diagram	   for	   defining	   strain	   softening	   parameters	   required	   for	   nonlinear	   constitutive	   material	  
model	  with	  strain	  softening	  capabilities	  (Potts	  &	  Zdravković,	  1999)	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The	   change	   in	   strength	   parameters,	  φ’	   and	   c’,	  with	   plastic	   deviatoric	   strain,	   Ep,	   for	   the	  Mohr-­‐Coulomb	  strain	  softening	  model	  used	   in	  analyses	  by	  Potts	  et	  al.	   (1990),	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1997)	  is	  shown	  in	  Figure	  3.3.	  	  Peak	  and	  residual	  values	  are	  represented	  by	  the	  suffix	  p	  and	  r	  respectively.	  	  The	  initial	  strength	  value	  in	  this	  figure	  is	  equal	  to	  the	  peak	  value	  producing	  a	   peak	   strain	   plateau.	   	   The	   chosen	   relationship	   between	   the	   points	   is	   linear,	   which	   is	   an	  approximation	  of	  the	  real	  behaviour	  shown	  in	  Figure	  2.4.	  	  
	  
Figure	   3.3	   Defined	   relationship	   for	   the	   variation	   of	   the	   angle	   of	   shearing	   resistance	  φ’,	   and	   the	   cohesion	  
intercept	  c’,	  with	  the	  deviatoric	  plastic	  strain	  E,	  adapted	  from	  Potts	  et	  al.	  (1990)	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The	   limits	   for	   peak	   and	   residual	   strength	   can	  be	   specified	   by	   a	   value	   of	   percentage	   of	   plastic	  strain	  or	  a	  displacement.	   	  The	  definitions	  for	  these	  two	  models	  are	  compared	  schematically	   in	  Figure	  3.4.	   	  Strain	   is	  defined	  as	  a	  percentage	  change	  of	  material	  dimensions,	   calculated	  as	   the	  deflection	   divided	   by	   an	   initial	   dimension,	   represented	   in	   Figure	   3.4	   by	   the	   solid	   and	   dashed	  lines	   respectively.	   	   When	   the	   percentage	   plastic	   strain	   option	   is	   used	   to	   control	   strength	  variation	  in	  ICFEP,	  the	  model	  uses	  the	  size	  of	  the	  quadrilateral	  elements	  as	  a	  reference	  length	  to	  calculate	  the	  current	  plastic	  strain	  and	  assess	  the	  appropriate	  value	  for	  the	  strength	  parameters.	  This	  makes	  the	  model	  dependent	  on	  the	  element	  sizes	  in	  the	  mesh,	  as	  shown	  with	  the	  element	  length	  as	  an	  example	   in	  Figure	  3.4(a),	   although	   this	   is	   a	   simplification	  of	   the	   reference	   length	  calculation.	   	   If	   elements	   within	   the	   mesh	   are	   of	   varying	   sizes	   or	   become	   distorted,	   whilst	  modelling	   large	   deformation	   for	   example,	   the	   mesh	   dependency	   of	   this	   reference	   length	  becomes	   an	   issue.	   	   To	   avoid	   this,	   the	   change	   in	   strength	   can	   also	   be	   defined	   in	   terms	   of	  displacement,	  Figure	  3.4(b).	  	  Softening	  will	  start	  and	  end	  after	  the	  same	  specified	  displacement	  within	  an	  element,	  irrespective	  of	  the	  element	  size	  and	  shape.	  	  The	  displacement	  is	  converted	  to	  a	   strain	  by	   relating	   it	   to	  a	   reference	   length	   specific	   to	  each	  element,	   creating	  element	   specific	  reference	   strains.	   	   The	   reference	   length	   used	   is	   the	   average	   of	   the	   diagonal	   lengths	   of	   the	  element.	  	  
3.2.3. Permeability	  models	  Coupled	  analyses	  simulate	  the	  time	  dependent	  behaviour	  of	  changes	  in	  pore	  fluid	  pressure	  and	  effective	   stress.	   	   For	   the	   flow	   of	   water	   through	   the	   soil,	   or	   seepage,	   to	   be	   modelled	   the	  permeability	  of	  the	  soil	  must	  be	  defined.	  	  The	  permeability	  of	  a	  soil	  is	  related	  to	  the	  particle	  size,	  shape	  and	  packing	  which	  define	  the	  size	  and	  connectivity	  of	  the	  voids	  between	  the	  soil	  particles.	  	  Clay	   soils	   have	   a	   low	   permeability	   due	   to	   their	   small	   and	   elongated	   particle	   sizes.	   The	   voids	  sizes	  and	  packing	  and	  hence	  the	  permeability	  can	  vary	  spatially	  due	  to	  sedimentation	  and	  due	  to	  stress	  changes.	  	  There	  are	  several	  models	  for	  permeability	  available	  in	  ICFEP.	  	  The	  models	  used	  in	  this	  project	  will	  vary	  permeability	  spatially	  or	  with	  mean	  effective	  stress.	  	  	  The	   typical	  variation	  of	  permeability	  of	  London	  Clay	  with	  depth	   is	  shown	   in	  Figure	  3.5	   for	   in-­‐situ	  measurements	  at	  various	  locations	  and	  depths	  (Hight	  et	  al.,	  2007).	  	  The	  permeability	  ranges	  between	  1	   x	   10-­‐8	  m/s	   to	   1	   x	   10-­‐11	  m/s,	   but	   overall	   decreases	  with	  depth.	   	   This	   variation	  with	  depth	   can	   be	   applied	   to	   the	   permeability	   in	   the	   analysis	   in	   two	  ways,	   by	   specifying	   depth	   or	  stress	  dependence.	  	  Permeability	  can	  be	  varied	  spatially	  by	  specifying	  a	  change	  with	  depth	  using	  a	   linear	   or	   logarithmic	   relationship.	   	   A	   linear	   variation	   with	   depth	   is	   used	   to	   produce	   the	  permeability	  shown	  in	  Figure	  3.5,	  with	  two	  definitions	  for	  permeability	  change	  with	  depth,	  one	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up	  to	  10m	  depth	  and	  one	  for	  10m	  and	  below.	  	  This	  definition	  of	  permeability	  does	  not	  allow	  for	  any	   influence	   from	  movement	   in	   the	   soil,	   excavation	   or	   changes	   in	   stress.	   	   It	   is	   known	   that	  permeability	  does	  vary	  with	  stress,	  just	  as	  voids	  ratio	  varies	  with	  stress.	  	  It	  is	  difficult	  to	  obtain	  laboratory	   or	   field	   data	   to	   determine	   the	   parameters	   for	   a	   variation	   of	   permeability	   directly	  with	  voids	  ratio.	   	  However,	   the	  change	  of	  permeability,	  k	  with	  mean	  effective	  stress,	  p’	  can	  be	  assumed	  as	  a	  logarithmic	  relationship,	  according	  to	  Equation	  (3.9)	  (Potts	  &	  Zdravković,	  1999).	  	  Where	  k0	  is	  the	  permeability	  at	  zero	  mean	  effective	  stress	  and	  ‘a’	  is	  a	  constant	  incorporating	  the	  initial	   voids	   ratio	   and	   assuming	   that	   the	   coefficient	   of	   compressibility,	   mv,	   remains	   constant	  (Vaughan,	  1989).	  	  Using	  this	  model	  will	  give	  a	  reduction	  in	  permeability	  with	  depth,	  in	  addition	  to	  a	  reaction	  to	  changes	  in	  stress	  within	  the	  soil.	  	  
	  	  
Figure	  3.5	  Typical	  permeability	  range	  for	  London	  Clay	  from	  insitu	  measurements	  (Hight	  et	  al.,	  2007)	  with	  a	  
permeability	  profile	  used	  in	  analyses	  presented	  by	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1997).	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𝑘 = 𝑘!  𝑒 !.!! 	   (3.9)	  	  
3.2.4. Initial	  stress	  definition	  There	  are	   two	  methods	   to	  develop	   initial	   stresses	   in	   finite	  element	  analyses:	   specifying	   initial	  stresses	  or	  turning	  on	  gravity.	  	  By	  turning	  on	  gravity,	  a	  soil	  can	  only	  be	  normally	  consolidated.	  	  To	   create	   an	   area	   of	   over-­‐consolidated	   soil	   using	   gravity	   would	   require	   a	   simulation	   of	   the	  processes	   of	   deposition	   and	   erosion	   above	   the	   existing	   ground	   level.	   	   A	   calculation	   of	   the	  appropriate	  depth	  of	  burial	  and	  erosion	  would	  be	  required	  and	  the	  mesh	  would	  be	  extended	  to	  this	  height.	  	  Pore	  pressures	  would	  be	  added	  separately	  after	  erosion	  had	  taken	  place.	  	  All	  these	  processes	  will	  probably	  require	  incremental	  application	  to	  avoid	  premature	  failure	  of	  the	  soil.	  	  Alternatively,	   the	   initial	   stresses	   in	   the	   soil,	   both	   vertical	   and	   lateral,	   for	   effective	   stress	   and	  pore	  water	  pressures,	  could	  be	  set	  at	  the	  beginning	  of	  the	  first	  increment	  of	  the	  analysis	  using	  an	  initial	  stress	  profile.	  	  It	  is	  then	  trivial	  for	  the	  user	  to	  vary	  the	  coefficient	  of	  lateral	  stress,	  K0,	  or	  the	   initial	  pore	  pressure	  profile	  by	  editing	  the	   initial	  stress	  profile.	   	  This	  second	  approach	  has	  been	  successfully	  adopted	   to	  represent	   initial	   stress	  and	  stress	  reactions	   to	  excavation	  of	   stiff	  clay	   (Potts	   et	   al.,	   1997;	   Kovacevic,	   1994).	   	   It	   is	   the	   approach	   adopted	   for	   stiff	   clay	   cutting	  analyses	  presented	  in	  this	  thesis.	  	  
3.2.5. Modelling	  of	  pre-­‐yield	  soil	  behaviour	  Soil	   stiffness	  models	  available	   in	   ICFEP	  can	  vary	   the	  stiffness	  with	  stress	   level,	  mean	  effective	  stress,	  location	  and	  strain	  to	  model	  the	  pre-­‐yield	  soil	  behaviour.	  	  The	  model	  used	  in	  the	  cutting	  slope	   analyses	   by	   Kovacevic	   (1994)	   and	   Potts	   et	   al.	   (1997)	   is	   a	   nonlinear	   isotropic	   elastic	  stiffness	   model.	   	   Through	   choice	   of	   parameters	   the	   Young’s	   modulus,	   E,	   varies	   with	   mean	  effective	  stress,	  p’,	  according	  to	  Equation	  (3.10),	  Poisson’s	  ratio,	  μ,	  remains	  constant	  at	  a	  value	  of	  0.2	   and	   a	  minimum	   E	   value	   of	   4000kPa	   is	   set.	   	   This	   stiffness	   applies	   prior	   to	   failure	   and	   no	  distinction	  is	  made	  between	  unloading	  and	  loading,	  which	  is	  considered	  appropriate	  for	  London	  Clay	  (Potts	  et	  al.,	  1997).	  	  The	  stiffness	  profile	  this	  produces	  is	  shown	  in	  Figure	  3.6.	  	   𝐸 = 25   𝑝′ + 100 	   (3.10)	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 Expected	  Behaviour	  and	  Simulation	  of	  a	  Stiff	  Clay	  Excavated	  Slope	  Analysis	  3.3.To	  provide	  a	  realistic	  simulation	  of	  a	  stiff	  clay	  cutting,	  a	  finite	  element	  analysis	  should	  model	  the	  stress	   response	   to	   excavation,	   employ	   coupled	   consolidation	   for	   pore	  pressure	   response	  post	  excavation	  and	  use	  a	  method	  to	  vary	  the	  strength	  of	   the	  soil	  with	  strain.	   	  The	  soil	  parameters	  should	  be	  representative	  of	  the	  material	  to	  be	  modelled.	   	  The	  initial	  analyses	  presented	  in	  this	  chapter	  assume	  the	  soil	  properties	  used	  for	  London	  Clay	  cutting	  analyses	  by	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1997).	  	  Details	  of	  these	  values	  can	  be	  found	  in	  Table	  3.1	  in	  Section	  3.4,	  page	  132.	  	  The	  excavation	  of	  the	  cutting	  will	  be	  simulated	  by	  starting	  with	  an	  appropriate	  area	  of	  level	  soil	  and	  then	  removing,	  i.e.	  excavating	  material	  to	  create	  a	  slope	  of	  a	  specified	  depth	  and	  angle.	  	  This	  replicates	   the	   actual	   excavation	   process	   of	   a	   road	   or	   railway	   cutting.	   	   With	   appropriate	   soil	  models	  and	  properties	  a	  realistic	  response	  will	  be	  modelled.	  This	  section	  quantitatively	  assesses	  the	   ability	   of	   existing	   models	   in	   ICFEP	   and	   identifies	   potential	   issues	   for	   excavated	   slope	  analyses.	  	  
3.3.1. Pore	  pressure	  response	  to	  excavation	  The	  excavation	  of	  a	  cutting	  unloads	  the	  soil	  below	  and	  adjacent	  to	  the	  slope	  formed.	  	  If	  the	  time	  period	   of	   the	   excavation	   is	   sufficiently	   short	   relative	   to	   the	   permeability	   of	   the	   soil,	   then	   the	  excavation	  is	  undrained	  and	  there	  is	  only	  a	  small	  change	  in	  effective	  stress	  (σ’).	  The	  reduction	  in	  total	   stress	   (σ)	   is	   accompanied	  by	  a	  decrease	   in	  pore	  pressure	   (u)	  as	   illustrated	  by	  equations	  (3.11)	   and	   (3.12).	   	   This	   can	   lead	   to	   low	   pore	   water	   pressures	   or	   even	   negative	   pore	   water	  pressures	   i.e.	  suction	   in	  the	  surrounding	  soil.	   	  After	  the	  excavation	  of	   the	  cutting,	   these	  excess	  pore	  pressures	  will	   increase	   towards	  a	   long-­‐term	  value	  at	  which	   they	  are	   in	  equilibrium	  with	  the	  new	   loading	   and	  hydraulic	   boundary	   conditions	   imposed	  by	   the	   excavation.	   	   The	   average	  position	  of	   the	  phreatic	  surface	   in	  London	  Clay	   in	  the	  UK	  is	  one	  metre	  below	  the	  ground	  level	  with	  10kPa	  of	  suction	  at	  the	  surface	  (Vaughan,	  1994).	  	  This	  is	  the	  hydraulic	  boundary	  condition	  applied	  after	  excavation	   in	   cutting	  analyses	  by	  Kovacevic	   (1994)	  and	  Potts	  et	  al.	   (1996).	   	  The	  change	   in	   pore	   pressures	   during	   and	   after	   excavation	   through	   to	   equilibrium	   is	   illustrated	   in	  Figure	  2.7.	  	  As	  discussed	  in	  Section	  2.2.3,	  the	  increase	  in	  pore	  water	  pressures	  reduces	  effective	  stress	  in	  the	  soil	  thus	  reducing	  shear	  strength,	  τ,	  see	  Equation	  (3.13)	  and	  therefore	  the	  stability	  of	  the	  slope.	  	  
𝜎! = 𝜎 − 𝑢	   (3.11)	  𝜎! = 𝜎 − ∆𝜎 − 𝑢 − ∆𝑢 	   (3.12)	  𝜏 = 𝑐′ + 𝜎′ tan𝜑′	   (3.13)	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Given	  the	  low	  permeability	  of	  stiff	  clays	  such	  as	  London	  Clay,	  the	  time	  for	  equilibration	  of	  pore	  pressures	  will	  take	  decades	  (Vaughan	  &	  Walbancke,	  1973).	  This	  time	  is	  highly	  dependent	  on	  the	  speed	  of	  the	  dissipation	  of	  excess	  pore	  water	  pressures,	  which	  is	  related	  to	  the	  permeability	  of	  the	  soil	  and	  the	  length	  of	  the	  drainage	  path	  (i.e.	  slope	  height).	  	  An	  analysis	  has	  been	  performed	  to	  demonstrate	  the	  typical	  time	  for	  pore	  pressures	  to	  reach	  equilibrium	  after	  a	  cutting	  is	  made	  in	  London	  Clay.	   	  This	  is	  an	  analysis	  of	  a	  stable	  10m	  high,	  1	  in	  3	  vertical	  to	  horizontal	  gradient,	  cutting	   slope	   with	   constant	   soil	   strength	   using	   the	   permeability	   profile	   from	   analyses	   by	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1996)	  and	  shown	  in	  Figure	  3.5.	  The	  pore	  water	  pressure	  distribution	  at	  different	  times,	  for	  a	  vertical	  cross	  section	  at	  the	  base	  of	  the	  slope,	  is	  shown	  in	  Figure	  3.7.	  The	  initial	  distribution	  before	  the	  10m	  excavation	  takes	  place,	  is	   set	   as	   hydrostatic	   with	   a	   phreatic	   surface	   1m	   below	   ground	   level,	   which	   represents	   the	  average	  level	  of	  the	  water	  table	  in	  London	  clay	  in	  the	  United	  Kingdom	  due	  to	  seasonal	  cycles	  of	  precipitation	  and	  vegetation	  growth.	  	  At	  the	  end	  of	  the	  excavation,	  there	  are	  high	  negative	  pore	  pressures	   at	   the	   new	   ground	   surface.	   	   These	   negative	   pore	   water	   pressures	   or	   suctions	  developed	  in	  the	  cutting	  are	  concentrated	  below	  the	  deepest	  zones	  of	  excavation,	  as	  shown	  by	  the	  -­‐25kPa	  and	  -­‐50kPa	  contours	  in	  Figure	  3.8(a).	   	  The	  boundary	  condition	  of	  10kPa	  suction	  at	  the	   ground	   surface	   is	   imposed	   immediately	   after	   excavation,	   Figure	   3.8(b).	   	   This	   simulates	  average	   surface	   conditions	   applied	   on	   the	   new	   slope	   boundary.	   	   The	   changes	   in	   pore	   water	  pressure	  for	  these	  two	  points	  in	  time	  during	  the	  analysis	  are	  also	  shown	  in	  Figure	  3.7.	  	  The	  excess	  pore	  water	  pressures	  dissipate	  until	  the	  long-­‐term	  pore	  water	  pressures	  distribution	  is	  reached.	  	  This	  is	  represented	  by	  the	  distribution	  265	  years	  after	  excavation,	  in	  Figure	  3.7.	  	  The	  base	  of	   the	  mesh	  is	  modelled	  as	   impermeable,	   therefore	  the	   long	  term	  pore	  water	  pressure	  at	  the	  base	  of	  the	  mesh	  is	  dependent	  on	  the	  height	  of	  the	  soil	  above	  it,	  giving	  different	  values	  for	  before	  excavation	  and	  after	  265	  years.	  	  Although	  it	  takes	  decades	  for	  this	  long-­‐term	  distribution	  to	   be	   reached,	  most	   of	   the	   high	   suctions	   beneath	   the	   excavation	   dissipate	  within	   the	   first	   30	  years.	   	   After	   60	   years	   it	   can	   be	   seen	   in	   Figure	   3.8(c)	   that	   the	   excess	   (-­‐25kPa	   and	   -­‐50kPa	  contours)	   pore	  water	  pressures	  have	  dissipated	   and	   there	   is	   a	   gradual	   increase	   of	   porewater	  pressures	  with	  depth.	  	  This	  linear	  increase	  of	  pore	  water	  pressure	  after	  60	  years	  is	  visible	  in	  the	  vertical	  cross	  section	  of	  distributions	  over	  time	  shown	  in	  Figure	  3.7.	  	  Failures	  of	  10	  m	  high	  stiff	  clay	   cuttings	   were	   shown	   to	   occur	   50	   years	   or	   more	   after	   excavation	   (Carder	   &	   Temporal,	  2000).	   	  This	   is	  prior	   to	   reaching	   the	   long-­‐term	  pore	  water	  pressure	  distribution	  at	  depth,	  but	  after	   equilibrium	   in	   the	   soil	   close	   to	   the	   surface.	   	   It	   is	   therefore	  probable	   that	   the	   changes	   in	  pore	   water	   pressure	   distribution	   close	   to	   the	   slope	   surface	   are	   influential	   in	   both	   the	   initial	  stability	   and	   development	   of	   failure.	   	   It	   is	   important	   to	   include	   these	   processes	   in	   a	   cutting	  analysis	  to	  assess	  the	  impact	  on	  the	  development	  of	  potential	  slip	  surfaces.	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Figure	  3.7	  Demonstrating	  dissipation	  of	  pore	  water	  pressures	  after	  excavation	  of	  a	  cutting	  creates	  a	  stable	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Figure	  3.8	  Distribution	  of	  pore	  water	  pressures	  in	  the	  slope	  (a)	  at	  the	  end	  of	  excavation	  (b)	  0.25years	  after	  
excavation	  (c)	  60years	  after	  excavation	  	  	  
3.3.2. Coupled	  consolidation	  The	   response	   of	   pore	   pressures	   to	   a	   cutting	   underlines	   the	   importance	   of	   the	   flow	   of	   water	  within	  the	  soil	  skeleton	  over	  time.	  	  The	  flow	  of	  water	  is	  related	  to	  the	  size	  of	  the	  pores	  between	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the	  soil	  particles.	  	  The	  pore	  size	  is	  related	  to	  the	  size	  of	  the	  soil	  particles	  but	  it	  is	  also	  affected	  by	  changes	   in	   stress	   on	   the	   soil	   skeleton,	   the	   pressure	   of	   water	   filling	   the	   voids	   and	   any	  deformation	   the	   soil	   undergoes.	   	   Consequently,	   real	   soil	   behaviour	   is	   time	   related	   with	   the	  water	   pressure	   response	   dependent	   on	   the	   soil	   permeability,	   the	   rate	   of	   loading	   and	   the	  hydraulic	   boundary	   conditions.	   To	  model	   this	   behaviour,	   the	   equations	   governing	   the	   flow	  of	  pore	   fluid	   should	   be	   linked	  with	   the	   equations	   governing	   the	   deformation	   of	   the	   soil	   due	   to	  loading.	  	  This	  links	  or	  couples	  the	  pore	  fluid	  flow	  and	  stress	  strain	  behaviour	  of	  the	  soil	  and	  in	  a	  finite	   element	   analysis	   is	   referred	   to	   as	   coupled	   consolidation	   (Potts	  &	  Zdravković,	   1999).	  An	  analysis	   that	   includes	   coupled	   consolidation	   requires	   the	   transition	   of	   time.	   	   This	   will	   be	  advantageous	  in	  monitoring	  the	  development	  of	  potential	  slip	  surfaces	  before	  failure	  occurs	  and	  to	  relate	  the	  time	  of	  failure	  of	  the	  finite	  element	  analyses	  to	  historic	  data.	  	  
3.3.3. Over	  consolidated	  soil	  Stiff	   clays	   are	   an	   over	   consolidated	   material.	   	   The	   soil	   has	   previously	   experienced	   a	   higher	  vertical	   stress	   than	   the	   current	   applied	   vertical	   stress.	   	   The	   in-­‐situ	   lateral	   stresses	   of	   an	   over	  consolidated	  material	  will	  be	  higher	   than	   the	  vertical	   stresses.	   	  Lateral	   stresses	  will	  affect	   the	  response	  of	  the	  soil	  to	  the	  excavation	  of	  a	  cutting	  slope.	  There	  will	  be	  more	  movement	  of	  the	  soil	  laterally	   into	   the	   excavation	   due	   to	   the	   higher	   release	   of	   lateral	   stresses.	   	   The	   finite	   element	  program	  should	  be	  able	  to	  generate	  these	  high	  lateral	  stresses	  in	  the	  soil.	  	  
3.3.4. Strain	  softening	  of	  soil	  strength	  Stiff	  clay	  is	  a	  strain	  softening	  material.	  As	  the	  material	  undergoes	  strain	  its	  strength	  reduces,	  as	  shown	   in	   Figure	   2.4	   and	   discussed	   in	   more	   detail	   in	   Sections	   2.1	   and	   2.2.4.	   	   During	   the	  development	  of	  a	  slip	  surface,	  the	  strength	  of	  the	  soil	  along	  the	  slip	  surface	  will	  reduce,	  but	  the	  strength	  of	   the	   surrounding	  soil	   that	   is	  not	  experiencing	  high	  strain	  will	   remain	  constant.	   	  To	  model	  this	  behaviour,	  the	  strength	  of	  the	  material	  at	  a	  particular	  point	  should	  be	  linked	  to	  strain	  it	   is	   experiencing.	   	  As	   the	   strength	  of	   the	  material	   reduces,	   its	   load	  carrying	  capacity	   reduces.	  	  Some	  of	  this	  load	  will	  be	  redistributed	  to	  surrounding	  soil	  and	  leads	  to	  the	  progression	  of	  a	  slip	  surface	  more	  rapidly	  than	  in	  a	  non-­‐softening	  material.	  	  This	  behaviour	  results	  in	  the	  description	  of	  stiff	  clay	  as	  a	  brittle	  soil.	  	  Although	  this	  behaviour	  develops	  locally	  to	  the	  slip	  surface	  area,	  the	  overall	   stability	   of	   the	   slope	   will	   be	   significantly	   affected.	   	   Therefore,	   the	   importance	   of	   the	  proper	   simulation	   of	   strain	   softening	   effects	   should	   not	   be	   underestimated	   (Pietruszczak	   &	  Stolle,	  1985).	  	  The	  two	  existing	  strain	  softening	  models	  available	  in	  ICFEP,	  the	  percentage	  strain	  and	   the	   displacement	   models,	   Figure	   3.4,	   are	   related	   to	   the	   local	   measure	   of	   strain	   in	   the	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analysis.	   	   The	   percentage	   strain	   model	   has	   been	   successfully	   employed	   to	   demonstrate	   the	  impact	  of	  strain	  softening	  behaviour	  on	  slope	  failure(Kovacevic,	  1994).	  The	  soil	  for	  the	  analyses	  presented	  in	  this	  chapter	  has	  been	  modelled	  as	  shown	  in	  Figure	  3.3,	  to	  have	   peak	   strength	   initially	   until	   a	   certain	   strain	   value,	   Ep,	   is	   reached.	   	   The	   strength	   of	   the	  material	  then	  reduces	  linearly	  until	  it	  reaches	  a	  residual	  strength	  at	  a	  larger	  strain,	  labelled	  Er	  in	  the	   figure.	  The	  strength	  parameters	   then	  remain	  constant	   for	   increasing	  strain.	   	  To	  define	   the	  strain	  softening	   limits,	   a	   single	  element	  shear	  analysis	  was	  performed	  (Potts	  et	  al.,	  1997),	   the	  results	   of	   which	   are	   reproduced	   in	   Figure	   3.9.	   	   The	   strains	   that	   defined	   peak	   and	   residual	  strengths	   were	   at	   about	   5%	   and	   20%	   shear	   strain.	   	   These	   were	   the	   values	   assumed	   by	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1997).	  	  These	  are	  the	  values	  assumed	  for	  the	  slope	  analyses	  presented	  in	  Section	  3.4.	  	  
	  
Figure	  3.9	  Assumed	  stress-­‐strain	  and	  stress–displacement	  relationships	  in	  simple	  shear	  (Potts	  et	  al.,	  1997)	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3.3.5. Identification	  and	  analysis	  of	  slope	  failure	  	  In	  a	  finite	  element	  analysis,	  the	  time	  to	  failure	  of	  the	  cutting,	  the	  location	  and	  development	  of	  a	  slip	  surface	  within	  the	  slope	  are	  not	  predefined,	  as	  they	  are	  in	  limit	  equilibrium	  or	  limit	  analysis	  calculations.	  	  Standard	  procedures	  will	  need	  to	  be	  defined	  to	  consistently	  confirm	  that	  failure	  of	  the	  slope	  has	  been	  reached.	  	  Displacements	  of	  the	  soil	  and	  the	  distribution	  of	  strains	  can	  be	  used	  to	  monitor	  slip	  surface	  development	  and	  compare	  and	  contrast	  analyses.	  	  These	  outputs	  will	  be	  useful	  in	  identifying	  the	  onset	  of	  slope	  failure	  in	  combination	  with	  numerical	  constraints	  set	  for	  finite	  element	  analyses,	  such	  as	  time	  intervals	  and	  convergence	  criteria.	  	  	  Failure	  of	  the	  slope	  occurs	  when	  a	  mass	  of	  soil	  moves	  down	  the	  slope.	  	  When	  the	  soil	  is	  treated	  as	   a	   continuum	   within	   a	   finite	   element	   analysis,	   there	   is	   no	   opportunity	   for	   fractures	   or	  separation	  of	  material.	   	  The	  analysis	  will	   therefore	  not	  be	  able	  to	  model	   the	  detachment	  of	  an	  unstable	  mass	  of	   soil	   and	   its	  movement	  downslope.	   	  An	  alternative	  point	  or	   set	   of	   conditions	  must	   be	   defined	   to	   identify	   a	   point	   prior	   to	   failure	   of	   the	   slope,	   while	   the	   soil	   continuum	  assumption	   remains	   valid	  but	   the	   slope	   is	   on	   the	  point	   of	   failure.	   	  An	   incremental	   plot	   of	   the	  vectors	   of	   displacement	   provides	   a	   snapshot	   of	   the	   soil	   movement	   that	   has	   occurred	   during	  each	  increment.	  	  Just	  before	  failure	  of	  the	  slope	  nearly	  all	  the	  movement	  will	  be	  restricted	  to	  the	  failing	  soil	  mass	  and	  will	  define	  the	  position	  of	  the	  slip	  surface	  for	  visual	  comparison	  with	  other	  analyses,	   Figure	   3.10.	   	   	   The	   incremental	   displacement	   of	   the	   final	   increment	   of	   the	   analysis	  should	  display	  this	  behaviour.	  	  
	  
Figure	  3.10	  Incremental	  displacement	  vectors	  just	  prior	  to	  failure	  	  The	  displacement	  of	  the	  slope	  can	  be	  used	  for	  direct	  comparison	  with	  other	  analyses	  if	  the	  same	  single	  point	  on	  the	  face	  of	  the	  cutting	  is	  monitored	  during	  the	  analyses.	  	  This	  single	  point	  is	  the	  midpoint	  of	  the	  slope	  surface	  as	  shown	  by	  the	  inset	  in	  Figure	  3.11.	  	  The	  movement	  of	  this	  single	  point	  over	  time	  will	  also	  provide	  information	  on	  the	  time	  to	  failure	  of	  the	  slope.	  	  In	  Figure	  3.11,	  the	  accumulated	  horizontal	  displacement	  of	  a	  single	  point	  is	  plotted	  with	  time.	  	  The	  horizontal	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displacement	  is	  a	  negative	  value,	  as	  the	  unstable	  mass	  moves	  from	  the	  right	  to	  the	  left	  into	  the	  excavation	  void.	  	  At	  failure	  of	  the	  slope	  this	  displacement	  would	  be	  very	  large,	  but	  this	  point	  is	  not	  reached	  in	  the	  finite	  element	  analysis.	   	  However,	  as	  the	  point	  of	   failure	   is	  approached,	   the	  rate	  of	  displacement	  change	  over	  time	  would	  suddenly	  increase	  leading	  to	  a	  near	  vertical	  line	  on	  the	  plot.	  	  This	  area	  is	  magnified	  in	  Figure	  3.11,	  and	  indicates	  the	  onset	  of	  failure.	  	  	  
	  
Figure	  3.11	  Accumulated	  horizontal	  displacement	  of	  the	  midpoint	  on	  the	  surface	  of	  the	  slope	  with	  time,	  for	  a	  

































Time	  since	  excavation	  iinished	  (years)	  
	   	  	  	  
	  	   127	  
analysis	   is	   halted.	   	   For	   the	   analyses	   presented	   here,	   the	   size	   of	   this	   time	   step	   is	   at	   least	   0.01	  years	  or	  3.65	  days.	  	  The	  analyses	  presented	  here	  do	  not	  employ	  any	  automation	  of	  the	  decrease	  in	   time	   step	   size.	   	   This	   time	   step	   condition	   for	   identifying	   imminent	   slope	   failure	   should	   be	  accompanied	  by	  additional	  evidence	  as	  confirmation,	  such	  as	  a	  plot	  of	  incremental	  displacement	  vectors,	  Figure	  3.10	  and	  a	  near	  vertical	   line	  on	   the	  accumulated	  horizontal	  displacement	  with	  time	  graph,	  Figure	  3.11.	  	  The	  development	  of	  plastic	  strain	  within	  the	  slope	  shows	  where	  the	  potential	  and	  the	  final	  slip	  surfaces	   form.	   	  The	   final	   slip	   surface	  will	  have	   the	  highest	   strain	   concentration.	   	  A	  plot	  of	   the	  contours	  of	  accumulated	  plastic	  deviatoric	  strain	  will	  show	  the	  distribution	  of	  strain	  within	  the	  slope.	   	  This	  can	  be	  used	  to	  show	  the	  three	  areas	  of	  soil	  strength:	  those	  at	  peak	  strength,	  those	  that	  are	  undergoing	  strain	  softening	  and	   the	  areas	   that	  have	  reached	  residual	   strength.	  These	  zones	   are	   highlighted	   in	   white,	   red	   and	   brown	   respectively	   in	   Figure	   3.12.	   	   The	   black	   zone	  represents	  soil	  that	  has	  undergone	  50%	  or	  more	  strain.	  	  Once	  one	  area	  of	  the	  slope	  experiences	  sufficient	  strain	  for	  softening	  to	  begin,	  unless	  there	  is	  a	  change	  in	  the	  boundary	  conditions,	  the	  slip	  surface	  will	  preferentially	  develop	  from	  that	  area.	  	  To	  identify	  the	  position	  of	  potential	  slip	  surfaces	   and	   the	   initial	   development	   of	   these	   surfaces,	   a	   contour	   plot	   showing	   the	   pattern	   of	  lower	   strains	  within	   the	   slope	   is	   required.	   A	   plot	   of	   the	   0%,	   1%,	   2%,	   3%,	   4%,	   5%(softening	  begins)	  and	  20%	  (residual	  strength	  reached)	  contours	  is	  shown	  in	  Figure	  3.13.	  	  Contour	  plots	  of	  strain	  distribution	  are	  useful	  to	  monitor	  the	  development	  of	  shear	  bands,	  but	  it	  is	  more	   difficult	   to	   use	   them	   to	   compare	   analyses	   directly.	   	   The	   distribution	   of	   strain	   over	   a	  specified	  line	  within	  the	  slope	  allows	  for	  a	  direct	  comparison	  on	  the	  same	  plot	  of	  the	  position	  of	  the	  slip	  surfaces	  at	  different	  times	  or	  for	  different	  analyses.	  	  The	  two	  graphs	  in	  Figure	  3.14	  show	  the	  accumulated	  plastic	  strain	  of	  two	  vertical	  cross	  sections	  from	  the	  surface	  of	  the	  slope	  to	  the	  base	  of	  the	  mesh.	  The	  vertical	   lines	  are	  at	  the	  base	  of	  the	  slope,	  Figure	  3.14(a),	  and	  mid	  slope,	  Figure	  3.14(b)	  as	  identified	  by	  the	  dashed	  lines	  in	  Figure	  3.13	  and	  Figure	  3.12.	  	  The	  three	  peaks	  in	  the	  midslope	  graph	  represent	  the	  location	  and	  relative	  development	  of	  the	  three	  slip	  surfaces	  in	  Figure	  3.13.	  	  	  Whilst	  the	  position	  of	  the	  slip	  surfaces	  can	  be	  directly	  compared,	  the	  values	  of	  strain	  could	  be	  less	  suitable	  for	  comparison	  at	  the	  end	  of	  the	  analysis.	   	  On	  the	  most	  developed	  slip	  surface	  for	  the	  last	  converged	  increment	  of	  the	  analysis,	  the	  movement	  and	  therefore	  increase	  in	  strain	  on	  this	  slip	  surface	   is	   incomplete.	   	  The	  completed	  values	  at	   failure	  of	   the	  slope	  would	  be	   infinite,	  however	  as	  previously	  discussed,	  the	  analyses	  will	  approach	  failure	  but	  not	  reach	  it.	   	  It	  is	  hard	  to	   define	   how	   close	   each	   of	   these	   analyses	   is	   to	   failure,	   apart	   from	   the	   previously	   defined	  condition	  of	  being	  within	  0.01yrs	  of	  time	  to	  failure.	  	  Any	  direct	  comparison	  of	  the	  highest	  values	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of	   strain	   in	   these	   graphs	   should	   take	   this	   into	   consideration.	   	   As	   an	   alternative	   to	   comparing	  strain	  at	  failure,	  the	  relative	  development	  of	  slip	  surfaces	  at	  a	  certain	  time	  after	  excavation	  for	  analyses	  in	  a	  parametric	  study	  would	  provide	  information	  about	  the	  effects	  of	  the	  parameters.	  	  
	  
Figure	   3.12	   Accumulated	   plastic	   strain	   contours	   just	   before	   failure,	   showing	   areas	   of	   peak,	   softening	   and	  
residual	  strength	  	  	  
	  
Figure	  3.13	  Accumulated	  plastic	  strain	  contours	   identifying	  areas	  of	   low	  strain	  before	  softening	  of	   the	  soil.	  
Last	  increment	  prior	  to	  failure	  	  Determining	   the	   Factor	   of	   Safety	   of	   the	   slope	   at	   a	   point	   in	   time	   provides	   a	   single	   value	   to	  compare	  the	  stability	  of	  a	  slope	  or	  a	  slope	  containing	  a	  stabilisation	  pile.	  	  The	  factor	  of	  safety	  is	  applied	   by	   reducing	   the	   strength	   properties	   of	   the	   soil	   by	   a	   factor,	   F,	   as	   shown	   in	   Equations	  (3.14)	  &	  (3.15)	  (Potts	  &	  Zdravković,	  2012).	  	  As	  it	  is	  the	  current	  strength	  that	  is	  factored,	  when	  a	  strength	  has	  been	  reduced	  using	  a	  strain	  softening	  model,	  the	  reduced	  strength	  is	  factored.	  	  The	  strain	  softening	  behaviour	  is	  therefore	  still	  captured	  by	  the	  factor	  of	  safety	  analyses.	  	  To	  relate	  the	  Factor	  of	  Safety	  to	  a	  single	  point	   in	   time	  with	   its	  associated	  hydraulic	  conditions,	   the	  time	  and	  consolidation	  in	  the	  analysis	  are	  switched	  off	  and	  the	  factor	  of	  safety	  can	  then	  be	  increased	  incrementally	  until	  failure	  occurs.	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 Preliminary	  Stiff	  Clay	  Cutting	  Analyses	  3.4.The	  mesh	   and	   soil	   parameters	  were	   taken	   from	  a	   previous	   study,	  which	   employed	   an	   earlier	  version	  of	   the	  same	  finite	  element	  program	  to	  model	  2D	  slope	   failure	   in	  stiff	  clay	  (Potts	  et	  al.,	  1997;	   Kovacevic,	   1994).	   	   The	   results	   of	   the	   preliminary	   analyses	   presented	   here	   will	   be	  compared	   to	   the	   results	   of	   Kovacevic	   (1994)	   to	   evaluate	   the	   use	   of	   the	   existing	   models	   and	  parameters.	  	  To	  simulate	  failure	  of	  a	  slope,	  a	  cutting	  is	  excavated	  to	  dimensions	  that	  are	  known	  to	  be	  unstable	  in	  the	  long	  term	  when	  employing	  the	  chosen	  soil	  parameters.	  	  In	  this	  case,	  a	  10m	  high	  slope	  with	  a	  1	   in	  3	  (vertical	   to	  horizontal)	  gradient,	  which	  fails	  30	  years	  after	  excavation	  (Kovacevic,	   1994).	   	   These	   slope	   dimensions	   and	   soil	   have	   also	   been	   employed	   in	   other	  investigations	  that	  demonstrated	  a	  similar	  time	  to	  failure	  (Geotechnical	  Consulting	  Group,	  2007;	  Ellis	  &	  O'Brien,	  2007;	  Carder	  &	  Easton,	  2001),	  which	  also	  reflects	  historic	  slope	  failure	  times	  as	  shown	  in	  Figure	  2.8.	  	  	  The	  remaining	  unexcavated	  soil	  that	  forms	  the	  slope,	  responds	  over	  time	  to	  the	  stress	  changes	  caused	  by	  the	  excavation	  until	  failure	  occurs.	  	  2D	  plane	  strain	  analysis	  assumes	  that	  the	  slope	  is	  infinitely	  long	  perpendicular	  to	  the	  plane	  of	  interest.	   	  This	  is	  considered	  a	  valid	  approximation	  for	   a	   slope	   when	   the	   third	   dimension	   is	   large	   in	   comparison	   to	   the	   other	   two	   dimensions	  because	   the	   three	   dimensional	   effects	   are	   small	   except	   at	   the	   edges	   of	   the	   largest	   dimension	  (Duncan	  &	  Wright,	  2005).	  	  The	   soil	   properties	   used	   in	   the	   analysis	   are	   shown	   in	   Table	   3.1.	   	   Figure	   3.6	   illustrates	   the	  adopted	  stiffness	  profile.	   	  The	  permeability	  profile	  adopted	  for	  the	  initial	  analyses	  is	  shown	  in	  Figure	  3.5.	   	  The	  mesh	  layout	  is	   identical	  to	  that	  presented	  in	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1997),	  as	  shown	  in	  Figure	  3.15.	   	  This	  figure	  also	  shows	  the	  boundary	  conditions	  for	  the	  slope	  and	  the	  area	  of	  the	  original	  mesh	  that	  is	  excavated	  to	  create	  the	  cutting.	  	  A	  suction	  of	  10kPa	  was	  imposed	  on	  the	  free	  boundary	  (uB)	  to	  simulate	  the	  average	  level	  of	  the	  water	  table	  in	  stiff	  clay	  as	  1m	  below	  the	  ground	  surface	  (Kovacevic,	  1994).	  	  A	  10	  m	  high	  slope	  was	  used	  in	  softening	  and	  non-­‐softening	   analyses	   with	   the	   slope	   angle	   depending	   on	   the	   type	   of	   analysis.	   	   The	   non-­‐softening	   analyses	   required	   a	   1	   in	   2	   (vertical	   to	   horizontal)	   slope	   for	   failure	   to	   occur	   in	   a	  reasonable	   time	  using	  peak	  strength	  values.	   	  When	   this	  slope	  angle	  was	  used	   in	   the	  softening	  analyses,	   failure	   occurred	   too	   rapidly	   for	   delayed	   and	   progressive	   failure	   to	   be	   studied	   so	   a	  shallower	  1	  in	  3	  slope	  was	  employed	  instead.	  The	  initial	  stresses	  of	  the	  soil	  were	  specified	  at	  the	  start	  of	  the	  analysis	  by	  an	  initial	  stress	  file,	  which	   included	  an	   initial	   vertical	   stress	  profile,	  hydrostatic	  pore	  water	  pressure	  profile	   and	  a	  lateral	   stress	   related	   to	  K0	  and	  vertical	   stress.	   	  Elements	  were	   then	   removed	   incrementally	   in	  horizontal	  layers	  over	  a	  3	  month	  period	  to	  simulate	  excavation	  of	  the	  cutting.	  	  The	  consolidation	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and	  swelling	  processes	  in	  the	  slope	  were	  simulated	  by	  incrementally	  increasing	  time.	  	  The	  slope	  failed	   naturally	   after	   a	   period	   of	   time	   due	   to	   delayed	   and	   progressive	   failure.	   	   Failure	   of	   the	  slope	  was	   identified	  by	  an	  acceleration	  of	   incremental	  displacement,	   a	   sudden	   increase	   in	   the	  number	   of	   flow	   step	   calculations	   needed	   to	   reach	   equilibrium	   and	   the	   development	   of	  accumulated	  plastic	  strain	  contours	  that	   indicate	  the	  position	  of	  a	  slip	  surface,	  as	  discussed	   in	  Section	  3.3.5.	  	  
Table	  3.1	  Model	  Parameters	  for	  Initial	  Cutting	  Slope	  Analyses	  (Potts	  et	  al.,	  1997;	  Kovacevic,	  1994)	  Property	   Assumed	  Value	  Bulk	  Unit	  weight,	  γ	   18.8kN/m3	  Peak	  strength	  (bulk)	   c’	  =	  7kPa,	  	  	  φ’=20o	  Residual	  strength	   c’	  =	  2kPa,	  	  	  φ’=13o	  Plastic	  Strain,	  ε	   peak	  5%,	  	  	  	  	  residual	  20%	  Poisson’s	  ratio,	  μ	   0.2	  Young’s	  modulus,	  E	   25(p’	  +100)	  	  (min	  4000kPa)	  	  	  	  	  	  	  	  where	  p’	  is	  mean	  effective	  stress,	  Figure	  3.6	  	  Coefficient	  of	  permeability,	  k	   varies	  from	  1	  x	  10-­‐9	  at	  surface	  to	  1	  x	  10	  -­‐10	  at	  20m	  	  the	  full	  profile	  is	  shown	  in,	  Figure	  3.5	  Coefficient	  of	  Earth	  pressure	  at	  rest,	  K0	   	  varied	  1.0,	  1.5,	  2.0	  Angle	  of	  dilation,	  ψ	   0°	  	  	  
	  
Figure	  3.15	   Imposed	  boundary	  conditions	   for	  cutting	  slope,	  shows	  a	  1	   in	  3	  gradient	  10m	  high	  slope	  with	  a	  
10m	  deep	  base	  and	  80m	  width	  mesh.	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3.4.1. Non-­‐softening	  Three	  non-­‐softening	  analyses	  were	  performed	  for	  three	  different	  K0	  values	  using	  a	  1	  in	  2	  slope.	  The	   value	   of	   K0	   influences	   the	   lateral	   stresses	   in	   the	   soil,	   which	   during	   and	   after	   excavation	  affects	   soil	   displacements	   and	   pore	   water	   pressure	   changes.	   	   The	   differences	   in	   pore	   water	  pressure	   distributions	   influences	   the	   time	   to	   failure	   of	   the	   slope.	   The	   results	   for	   different	  constant	  K0	  analyses	  are	  compared	  to	  the	  Potts	  et	  al.	   (1997)	  results	   in	  Figure	  3.16.	   	  The	  same	  mesh	   design	   and	   soil	   properties	   as	   Potts	   et	   al.	   (1997)	   were	   employed.	   	   The	   results	   show	  reasonable	   agreement	   in	   terms	   of	   the	   displacements	   reached	   at	   failure	   and	   the	   change	   of	  displacement	  over	  time.	   	  The	  time	  to	  failure	  shows	  some	  variation,	  with	  the	  K0	  =	  1	  case	  taking	  less	  time	  to	  fail	  in	  the	  new	  analysis	  and	  the	  other	  two	  new	  analyses	  taking	  slightly	  longer	  than	  the	   Potts	   et	   al.	   (1997)	   results.	   	   The	   horizontal	   displacement	   at	   which	   failure	   takes	   place	   is	  approximately	  the	  same	  in	  each	  analysis.	  	  The	  results	  were	  considered	  to	  match	  sufficiently	  not	  to	  require	   further	   investigation.	   	  The	  small	  differences	  could	  be	  attributed	  to	   the	  changes	  and	  improvements	   that	   have	   been	  made	   to	   the	   ICFEP	   program	   over	   the	   past	   15	   years,	   although	  further	  investigation	  would	  be	  required	  to	  confirm	  this.	  	  
	  
Figure	   3.16	   Change	   in	  mid-­‐slope	   displacement	  with	   time	   for	   non-­‐softening	   (NS)	   analyses	  with	   varying	   Ko,	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3.4.2. Softening	  For	   the	   softening	   analyses,	   a	   K0	   value	   of	   2.0	   was	   used	   throughout,	   with	   a	   10	   m	   high	   1	   in	   3	  vertical	   to	  horizontal	  gradient	  slope.	   	  The	  percentage	  strain	  softening	  model	  was	  used	   for	   the	  analyses	  presented	  in	  this	  section.	  	  This	  was	  the	  model	  used	  in	  the	  analyses	  by	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1997).	  	  The	  comparable	  analysis	  from	  these	  studies	  has	  the	  identification	  (S5).	  	  The	   peak	   strength	   of	   the	  material	  was	   applied	   until	   plastic	   deviatoric	   strain	  was	   5%	  and	   the	  material	  was	   then	   softened	   until	   a	   plastic	   deviatoric	   strain	   of	   20%	  was	   reached	   and	   residual	  strength	  subsequently	  applied.	  	  These	  values	  were	  obtained	  from	  a	  simple	  shear	  test	  in	  Brown	  London	   Clay	   shown	   in	   Figure	   3.9	   (Potts	   et	   al.,	   1997).	   	   The	   elements	   surrounding	   the	   cutting	  surface	  are	  all	  2m	  wide	  in	  the	  employed	  mesh.	  	  The	  strain	  softening	  behaviour	  will	  therefore	  be	  applied	  equally	  to	  all	  elements.	  	  
	  
Figure	  3.17	  Visual	  confirmation	  of	   failure	   for	   last	   increment	  of	  analysis,	  %	  Strain	  analysis.	   (a)	   Incremental	  
Displacement	  Vectors	  (b)	  Accumulated	  Plastic	  Deviatoric	  Strain	  Contours	  1%to5%	  and	  20%	  (c)	  Accumulated	  
Plastic	  Deviatoric	  Strain	  Contours	  5%,	  20%	  and	  50%.	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Failure	   of	   the	   new	   analysis	   is	   confirmed	   in	   Figure	   3.17(a).	   	   The	   incremental	   displacement	  vectors	   for	   the	   last	   converged	   increment	  of	   the	  analysis	   clearly	  define	  a	  moving	  block,	  Figure	  3.17.	  	  The	  slip	  surface	  shown	  by	  the	  strain	  contours	  is	  initially	  horizontal,	  Figure	  3.17(b)	  and	  (c).	  	  This	  aligns	  with	   the	  orientation	  of	   the	  elements	  of	   the	  mesh	   in	   that	  area	  and	  could	   indicate	  a	  mesh	   influence	   on	   the	   direction	   of	   shear	   band	   development.	   	   Further	   investigation	   using	  different	  mesh	  layouts	  would	  be	  required	  to	  explore	  this.	  	  The	  top	  half	  of	  the	  slip	  surface	  has	  not	  developed	   strains	   as	   high	   as	   the	   horizontal	   section.	   	   However,	   the	   incremental	   displacement	  vectors	  show	  a	  clear	  definition	  of	  a	  failure	  surface	  from	  the	  top	  of	  the	  slope.	  	  The	  slip	  surface	  is	  not	  aligned	  to	  the	  elements	  of	  the	  mesh	  in	  this	  area.	  	  This	  pattern	  of	  slip	  surface	  reproduces	  the	  shape	  found	  in	  the	  analyses	  presented	  by	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1997).	  	  	  The	   accumulated	   horizontal	   displacement	   of	   the	  mid-­‐slope	  with	   time	   for	   the	   (S5)	   analysis	   is	  compared	   to	   the	   initial	   analysis	   for	   this	   study	   in	   Figure	   3.18.	   	   Although	   the	   time	   to	   failure	   is	  similar,	   the	   recorded	   displacements	   vary	   significantly	   within	   that	   time.	   The	   horizontal	  displacement	  of	  points	  either	  side	  of	  the	  midslope	  showed	  that	  the	  location	  of	  the	  displacement	  measurement	   on	   the	   surface	   of	   the	   slope	   did	   not	   account	   for	   the	   different	  movements	   of	   the	  slope	  with	  time.	   	  Given	  the	   large	  difference,	   further	   investigations	  were	  carried	  out	  to	   identify	  the	  reasons	  for	  the	  variation	  in	  displacement	  with	  time	  between	  the	  two	  analyses	  that	  use	  the	  same	  boundary	   conditions,	   soil	   properties	   and	  models.	   	   These	   investigations	   are	  discussed	   in	  Section	  3.4.3.	  
	  
Figure	  3.18	  Comparison	  of	  results	  from	  the	  existing	  analysis	  to	  results	  from	  Kovacevic	  (1994),	  both	  using	  the	  
percentage	  strain	  softening	  model	  for	  a	  10m	  high,	  1	  in	  3	  vertical	  to	  horizontal	  gradient	  cutting	  slope	  with	  K0	  
=	  2	  and	  10m	  high	  base.	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3.4.3. Managing	  the	  convergence	  of	  the	  solution	  The	   two	   analyses	   shown	   in	   Figure	   3.18	   use	   identical	   meshes,	   boundary	   conditions,	   soil	  properties,	   constitutive	   models,	   construction	   times	   and	   sequence.	   	   	   The	   differences	   in	   the	  accumulated	  horizontal	  displacement	  of	  the	  mid-­‐slope	  with	  time	  must	  result	  from	  either	  use	  of	  a	   newer	   version	   of	   the	   program,	   or	   to	   the	   specified	   parameters	   used	   to	  manage	   the	   iterative	  processes	   of	   the	   program	   and	   define	   the	   convergence	   of	   the	   increment	   to	   a	   solution.	   	   The	  convergence	  parameters	  are	  the	  acceleration	  parameter,	  the	  minimum	  number	  of	  iterations	  and	  tolerance	  levels.	  	  Changing	  the	  maximum	  acceleration	  parameter	  from	  5	  to	  8	  was	  found	  to	  have	  little	  effect	  on	  the	  slope	  stability	  results.	  	  It	  will	  be	  shown	  that	  the	  specified	  tolerance	  levels	  and	  minimum	  number	   of	   iterations	   can	   have	   a	   significant	   effect	   on	   the	   slope	   analysis	   results	   and	  account	   for	   the	   difference	   in	   time	   and	   displacement	   results	   discussed	   in	   Section	   3.4.2.	   	   An	  understanding	  of	  the	  values	  that	  manage	  the	  iterative	  processes	  will	  also	  aid	  their	  effective	  use	  in	  future	  analyses.	  	  	  ICFEP	   employs	   an	   accelerated	   modified	   Newton-­‐Raphson	   scheme	   with	   sub-­‐stepping	   stress	  point	   algorithm	   to	   solve	   the	   nonlinear	   finite	   element	   analyses	   (Potts	   &	   Zdravković,	   1999).	  Figure	   3.19	   illustrates	   the	  modified	   Newton-­‐Raphson	  method	   for	   the	   solution	   of	   a	   system	   of	  non-­‐linear	  equations	  with	  a	  single	  degree	  of	   freedom,	  shown	   in	   incremental	   form	   in	  Equation	  (3.16).	  Where	  Ki	  is	  the	  incremental	  stiffness	  matrix,	  Δdi	  the	  vector	  of	  incremental	  displacement,	  ΔRi	  the	  vector	  of	  incremental	  nodal	  forces,	  i	  the	  increment	  number	  and	  n	  the	  iteration	  number.	  	  	  	  
𝐾! . ∆𝑑! ! = ∆𝑅! 	   (3.16)	  	   	  Each	   increment	   is	   solved	   in	   a	   number	   of	   iterations.	   	   For	   the	   first	   iteration,	   Equation(3.16)	   is	  solved	  for	  the	  vector	  of	  incremental	  displacements,	  (Δdi)1.	  	  The	  solution	  is	  in	  error	  because	  the	  stiffness	   matrix	   changes	   during	   an	   increment	   as	   it	   depends	   on	   the	   current	   stress	   and	   strain	  states.	  	  The	  changing	  stiffness	  matrix	  produces	  the	  curved	  line	  in	  Figure	  3.19	  that	  represents	  the	  true	   solution.	   	   The	   Ki	   used	   to	   solve	   (Δdi)1	   produces	   the	   dashed	   straight	   line	   in	   Figure	   3.19	  resulting	   in	   an	   error	   called	   the	   residual	   load	   Ψ1,	   where	   1	   denotes	   the	   first	   iteration.	   	   This	  residual	  load,	  Ψ1,	  is	  used	  in	  the	  subsequent	  iteration	  and	  constitutes	  the	  right	  hand	  side	  of	  the	  vector	  in	  Equation	  (3.17),	  where	  n	  refers	  to	  the	  iteration	  number.	  
𝐾! . ∆𝑑! ! = 𝛹!!!	   (3.17)	  	  For	  the	  first	  iteration,	  this	  equation	  is	  solved	  with	  Ψ0	  equal	  to	  ΔR1.	  	  At	  the	  end	  of	  each	  iteration,	  the	  current	  displacements	  Δdi	   are	  used	   to	   find	   the	  corresponding	  strains.	   	  The	  stress	   changes	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are	   estimated	   by	   integrating	   the	   constitutive	  model	   along	   the	   incremental	   strain	   paths.	   	   The	  stress	   change	   is	  used	   to	  evaluate	   the	  equivalent	  nodal	   forces.	   	  These	  nodal	   forces	  are	  used	   to	  calculate	  the	  incremental	  nodal	  forces,	  ΔRi,	  and	  evaluate	  the	  incremental	  residual	  load,	  Ψi.	  	  This	  process	  is	  then	  repeated	  to	  reduce	  the	  residual	  load	  (Potts	  &	  Zdravković,	  1999).	  The	   increment	   is	   considered	   solved	   when	   either	   the	   iterative	   load	   reaches	   a	   specified	   small	  value	   or	   the	   norm	   of	   the	   iterative	   displacements	   gives	   a	   result	   that	   is	   within	   a	   specified	  tolerance	  of	  the	  incremental	  displacement	  Δdi	  and	  the	  incremental	  forces,	  as	  illustrated	  by	  the	  shaded	   regions	   in	   Figure	   3.19.	   	   This	   is	   known	   as	   the	   tolerance	   level.	   	   A	  minimum	  number	   of	  iterations	   can	   be	   set,	   which	   can	   force	   the	   analysis	   to	   continue	  when	   all	   convergence	   criteria	  have	   been	  met.	   	   The	   residual	   load	  will	   reduce	   further	  with	   each	   iteration	   until	   the	  minimum	  number	  of	  iterations	  is	  reached.	  	  In	  a	  coupled	  consolidation	  analysis	  the	  pore	  water	  pressure	  is	  also	  a	  primary	  variable,	  in	  addition	  to	  the	  displacement.	  	  Consequently,	  the	  convergence	  of	  the	  solution	  is	  evaluated	  with	  respect	  to	  the	  pore	  water	  pressures	  and	  seepage	  flow	  in	  addition	  to	  the	   displacement,	   forces	   and	   loads.	   	   A	   separate	   tolerance	   level	   can	   be	   set	   for	   each	   of	   these	  variables	  but	  the	  default	  value	  is	  2%.	  
	  
Figure	   3.19	  Modified	   Newton-­‐Raphson	  method	   for	   the	   solution	   of	   non-­‐linear	   equations	   with	   convergence	  
tolerance	  illustration	  adapted	  from	  Potts	  &	  Zdravkovic	  (2001)	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Figure	   3.20	   Assessing	   the	   suitability	   of	   techniques	   for	   monitoring	   the	   convergence	   of	   a	   finite	   element	  
analyses.	   Incremental	   Error	   Tolerance	   Level	   for	   Force	   compared	   to	   the	  Residual	   Stress	   for	   two	   excavated	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For	   the	   S5,	   original	   Kovacevic	   (1994)	   analysis,	   1%	   tolerance	   levels	   were	   specified	   for	  displacements,	   loads	  and	  pore	  pressures.	   	  However,	   the	  program	  at	   that	   time	  did	  not	  provide	  automatic	  monitoring	  of	  the	  tolerance	  levels	  for	  reaction	  force.	  	  Specification	  of	  tolerance	  levels	  for	   displacements,	   loads	   and	   pore	   pressures	   was	   found	   to	   be	   inadequate	   in	   monitoring	   for	  convergence	  of	  the	  solution,	  therefore	  the	  residual	  stress	  were	  monitored	  and	  kept	  below	  2kPa	  until	   the	  approach	  of	  collapse	  when	  the	   level	  was	  reduced	  to	  below	  0.1kPa	  (Potts	  et	  al.,	  1997;	  Kovacevic,	  1994).	  To	  investigate	  the	  effects	  of	  specifying	  a	  force	  tolerance,	  two	  analyses	  were	  performed	  with	  the	  force	  tolerance	  set	  far	  above	  the	  2%	  default	  value,	  at	  20%	  and	  200%	  and	  no	  specified	  limit	  for	  the	   residual	   stress.	   	  An	  override	  condition	  was	   set	   instructing	   the	  analysis	   to	   skip	   to	   the	  next	  increment,	   if	   the	   iterative	  residual	   load	  begins	   to	   increase	   instead	  of	   reduce.	   	  The	  variation	  of	  the	   incremental	   tolerance	  error,	  as	  a	  percentage,	  and	  the	  maximum	  residual	  stress	  during	   the	  analysis	   are	   presented	   in	   Figure	   3.20.	   The	   20%	   tolerance	   level	   is	   reached	   on	   the	   second	  increment	  after	  excavation,	  increment	  12.	   	  The	  200%	  tolerance	  level	  is	  not	  reached	  within	  the	  40	   increments	   of	   the	   analysis,	   but	   the	   incremental	   tolerance	   error	   has	   an	   immediately	  increasing	   trend	   that	   averages	   a	   150%	   error	   between	   increment	   25	   and	   40.	   	   The	  maximum	  residual	   stress	   supports	   the	   trend	   for	   the	   20%	   specified	   tolerance	   to	   produce	   a	   controlled	  analysis,	  whilst	  the	  200%	  analysis	  produces	  unchecked	  errors	  of	  more	  than	  5kPa	  residual	  load.	  
	  
Figure	   3.21	   Effect	   of	   Incremental	   Error	   Tolerance	   level	   for	   force	   tolerance	   on	   the	   accumulated	   horizontal	  
displacement	   of	   the	   midslope	   with	   time.	   For	   two	   excavated	   slope	   strain	   softening	   analyses	   both	   with	  
minimum	  5	  iterations,	  but	  different	  tolerance	  levels	  set	  for	  force	  tolerance	  compared	  to	  the	  Kovacevic	  (1994)	  
result	  for	  a	  1in3	  gradient	  10m	  high	  slope	  with	  K0=2.0.	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Figure	  3.22	  Comparison	  of	  analyses	  with	  various	  minimum	  number	  of	  iterations	  with	  (a)	  Force	  tolerance	  not	  
enforced	  (b)	  Force	  tolerance	  enforced.	  For	  excavated	  slope	  strain	  softening	  analyses	  with	  varying	  minimum	  
number	   of	   iterations,	   compared	   to	   the	   Kovacevic	   (1994)	   result	   for	   a	   1in3	   gradient	   10m	   high	   slope	   with	  
K0=2.0.	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  Original	  Curve,	  Kovacevic	  (1994)	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The	   accumulated	   horizontal	   displacement	   of	   mid-­‐slope	   with	   time	   for	   these	   two	   analyses	   is	  compared	   to	   Kovacevic	   (1994)’s	   S5	   curve	   labelled	   ‘Original	   Curve’	   in	   Figure	   3.21.	   	   The	   20%	  force	  tolerance	  analysis	  diverges	  from	  the	  original	  curve	  at	   increment	  14,	  at	  a	  similar	  point	   in	  time	  as	   the	  analysis	  presented	   in	  Figure	  3.18.	   	  The	  200%	  analysis	   closely	   follows	   the	  original	  curve	   for	   the	   first	   30	   years,	   Figure	   3.21.	   	   This	   suggests	   that	   the	   force	   tolerance	   convergence	  criteria	   created	   the	   difference	   between	   the	   two	   analyses	   in	   Figure	   3.18.	   	   The	   original	   curve	  analysis	   by	   Kovacevic	   (1994)	   can	   be	   replicated	   past	   the	   first	   5	   years	   using	   the	   convergence	  criteria	  specified	  in	  Potts	  et	  al.	  (1997)	  and	  not	  the	  default	  values	  currently	  set	  in	  ICFEP.	  	  	  As	  the	  analysis	   approaches	   failure	  Kovacevic	   (1994)	  and	  Potts	   et	   al.	   (1997)	   specified	  more	   stringent	  convergence	   criteria	   in	   terms	   of	   the	   permissible	   residual	   stress,	   which	   could	   reproduce	   the	  original	   curve	   results	   in	   the	   period	   after	   30	   years.	   	   However,	   the	   aim	   of	   this	   convergence	  investigation	  is	  to	  determine	  the	  criteria	  that	  give	  the	  result	  closer	  to	  the	  true	  solution	  and	  not	  to	  reproduce	  the	  original	  S5	  Kovacevic	  (1994)	  results.	  To	  confirm	  the	  influence	  of	  the	  force	  tolerance,	  a	  series	  of	  analyses	  were	  performed	  varying	  the	  minimum	  number	  of	  iterations	  as	  an	  artificial	  method	  of	  enforcing	  the	  convergence	  of	  the	  force	  tolerance	  to	  different	   levels.	   	  The	  results	  are	  presented	   in	  Figure	  3.22(a).	   	  The	   force	   tolerance	  level	   is	   set	   at	   200%,	   which	   is	   high	   enough	   so	   that	   it	   will	   not	   be	   the	   limiting	   factor	   for	  convergence.	   	  The	  override	  condition	   is	  not	   set;	   therefore	  none	  of	   the	  analyses	   in	  Figure	  3.21	  and	  Figure	  3.22(a)	  have	  identical	  convergence	  criteria	  and	  this	  accounts	  for	  none	  of	  the	  analysis	  results	  being	  identical.	  	  	  With	  an	  increasing	  number	  of	  minimum	  iterations,	  the	  accumulated	  horizontal	  displacement	  is	  higher	  after	  the	  same	  time	  period.	   	  A	  higher	  number	  of	  iterations	  will	  reduce	  the	  residual	  load	  error	   and	   provide	   a	   solution	   closer	   to	   the	   true	   solution.	   	   The	  minimum	   5	   iterations	   analysis	  gives	  the	  result	  with	  the	  lowest	  accumulated	  displacements.	  	  The	  minimum	  50	  and	  100	  analyses	  give	   initially	   similar	   analyses	   that	   are	   also	   similar	   in	   profile	   to	   the	   newer	   result	   presented	   in	  Figure	  3.18.	  	  This	  would	  suggest	  that	  the	  new	  analysis	  in	  Figure	  3.18	  gives	  a	  result	  closer	  to	  the	  true	   solution	   than	   the	   S5	   original	   curve	   Kovacevic	   (1994)	   analysis.	   	   To	   further	   confirm	   the	  validity	  of	  the	  use	  of	  the	  default	  2%	  load	  tolerance,	  a	  further	  set	  of	  analyses	  was	  performed	  with	  a	  varying	  minimum	  number	  of	   iterations	  but	   the	   force	   tolerance	   level	   set	  at	  default,	  2%.	   	  The	  results	  for	  all	  this	  set	  of	  analyses	  were	  identical,	  as	  shown	  in	  Figure	  3.22(b)	  indicating	  that	  a	  2%	  force	  tolerance	  level	  is	  appropriate.	  The	  remaining	  unexplained	  feature	  observed	  during	  these	  convergence	  criteria	  analyses	  is	  the	  sudden	  acceleration	   in	  displacements	   that	   is	   shown	   in	  many	  of	   the	   analyses	   at	   around	  2	   to	  3	  years	  after	  excavation.	  For	  the	  20	  and	  50	  minimum	  iterations	  in	  Figure	  3.22(a),	  this	  acceleration	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starts	   at	   different	   increments.	   	   This	   permits	   a	   visual	   comparison	   of	   the	   accumulated	   strain	  contours	   for	   the	   same	   increments,	   i.e.	   at	   the	   same	   point	   in	   time,	   when	   the	   accumulated	  displacement	   starts	   showing	   a	   difference	   in	   behaviour.	   	   The	   acceleration	   starts	   during	  increment	   14	   for	   the	   minimum	   50	   iterations	   and	   later	   for	   the	   minimum	   20	   iterations.	   	   The	  accumulated	   plastic	   deviatoric	   strain	   contours	   for	   increment	   13	   and	   14	   are	   shown	   in	   Figure	  3.23.	  	  For	  increment	  13	  the	  slip	  surface	  lengths	  are	  similar	  for	  both	  20	  and	  50	  iteration	  analyses,	  Figure	  3.23(a)	  and	  (b).	  	  For	  increment	  14,	  the	  minimum	  50	  iterations	  analysis	  has	  a	  significantly	  longer	  slip	  surface,	  Figure	  3.23(d),	  whilst	  the	  minimum	  20	  iterations	  analysis	  has	  not	  extended	  very	  far,	  Figure	  3.23(c).	  	  The	  sudden	  acceleration	  of	  displacement	  for	  the	  minimum	  50	  iterations	  corresponds	   to	   the	   sudden	   slip	   surface	   development.	   	   This	   trend	  was	   observed	   for	   the	   other	  analyses	  where	  there	  was	  a	  sudden	  acceleration	  in	  displacements.	  	  
	  
Figure	  3.23	  Influence	  of	  minimum	  number	  of	  iterations	  on	  the	  time	  of	  the	  development	  of	  slip	  surfaces	  	  The	   force	   tolerance	   criteria	   do	   have	   an	   impact	   on	   the	   results	   of	   a	   cutting	   analysis.	   	   The	  accumulated	  displacement	  with	  time	  for	  the	  S5	  Kovacevic	  (1994)	  analysis	  can	  be	  reproduced	  by	  manipulation	  of	  these	  criteria.	  	  However,	  the	  use	  of	  the	  default	  force	  tolerance	  level	  of	  2%	  is	  an	  appropriate	  solution	  for	  use	  in	  the	  analyses	  presented	  in	  this	  project	  as	  it	  produces	  results	  that	  are	  closer	  to	  the	  true	  solution	  and	  are	  more	  repeatable.	  	  Analyses	  will	  be	  monitored	  for	  failure	  using	   the	   methods	   described	   in	   Section	   3.3.5,	   and	   not	   those	   criteria	   specified	   in	   Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1997).	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3.4.4. Use	  of	  the	  displacement	  strain	  softening	  model	  The	   displacement	   strain	   softening	  model	   is	   designed	   to	   be	   less	  mesh	   dependent	   by	   defining	  element	   specific	   strains	   at	   which	   softening	   will	   begin	   and	   end	   with	   reference	   to	   constant	  displacement	   values.	   	  Appropriate	   values	   for	   the	  displacements	   that	  define	  peak	   and	   residual	  strength	  must	  be	   chosen.	   	  The	   results	   for	  different	  displacement	   sets	   can	  be	   compared	   to	   the	  Kovacevic	   (1994)	  S5	  analysis	  and	   the	  percentage	  strain	  softening	  method	  results	  displayed	   in	  Figure	  3.18	  to	  assess	  the	  suitability	  of	  the	  displacement	  strain	  softening	  approach.	  	  	  
(a)	  Rectangular	  element	   (b)	  Inclined	  parallelogram	  element	  
1! + 2!! = 2.236	   1! + 1!! = 1.414	   1! + 5!! = 5.099	  
	   Mean	  =	  3.2566	  
5%	  =	  0.11m	   5%	  =	  0.16m	  
20%	  =	  0.45m	   20%	  =	  0.65m	  	  
	  
Figure	  3.24	  Initial	  calculation	  of	  appropriate	  peak	  and	  residual	  displacement	  values	  for	  displacement	  strain	  
softening	   model	   for	   different	   element	   shapes	   in	   the	   inclined	   elements	   mesh	   (a)	   Rectangular	   shape	   (b)	  
Parallelogram	  shape	  	  Initial	  approximations	  of	  these	  displacement	  values	  were	  calculated	  using	  the	  dimensions	  of	  the	  diagonals	  for	  the	  two	  element	  shapes	  and	  sizes	  most	  abundant	  in	  the	  inclined	  element	  mesh,	  as	  shown	   in	   Figure	   3.24.	   	   For	   the	   rectangular	   elements	   found	   in	   the	   base	   below	   the	   excavation	  level,	   the	   two	   displacements	   that	   bound	   peak	   and	   residual	   strength	   are	   0.11m	   and	   0.45m	  respectively,	  Figure	  3.24(a).	  	  For	  the	  parallelogram	  elements	  found	  in	  the	  cutting	  slope	  these	  are	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0.16m	  and	  0.65m,	  Figure	  3.24(b).	   	  A	  range	  of	  displacement	  combinations	   lying	  between	  these	  two	   sets	   of	   values	   were	   tested	   to	   find	   a	   match	   to	   the	   analyses	   using	   the	   percentage	   strain	  softening	  model.	   	   It	   proved	  difficult	   to	   find	   a	   set	   of	   displacement	   values	   to	   exactly	  match	   the	  percentage	  strain	  softening	  analyses,	  which	  makes	  it	  more	  difficult	  to	  directly	  compare	  the	  two	  methods.	   	   The	   two	   values	   presented	   in	   Figure	   3.24	   and	   a	   midrange	   value	   are	   compared	   in	  Figure	  3.25	  to	  the	  Kovacevic	  (1994)	  S5	  analysis	  and	  the	  percentage	  strain	  results	  first	  presented	  in	   Figure	   3.18.	   	   The	   peak	   and	   residual	   displacement	   values	   are	   denoted	   with	   “p”	   and	   “r”	  respectively.	  	  The	  peak	  displacement	  of	  0.11m	  and	  residual	  displacement	  of	  0.45m	  came	  closest	  to	   matching	   the	   percentage	   strain	   analysis.	   	   As	   the	   match	   is	   not	   very	   good,	   analyses	  investigating	   the	   effects	   of	   other	   soil	   or	   slope	   parameters	  whilst	   employing	   the	   displacement	  strain	   softening	  model	  with	   these	  values	   should	  only	  be	   compared	   to	   analyses	   employing	   the	  same	  strain	  softening	  model	  and	  values.	  	  In	  this	  case,	  results	  should	  not	  be	  directly	  compared	  to	  analyses	  employing	  5%	  and	  20%	  strain	  limits	  with	  the	  percentage	  strain	  model,	  as	  it	  would	  be	  difficult	  to	  distinguish	  the	  source	  of	  the	  differences	  due	  to	  the	  model	  used	  from	  the	  effects	  of	  the	  parameter	  or	  situation	  under	  investigation.	  	  
	  
Figure	  3.25	  Comparison	  of	  Horizontal	  Displacement	  of	  midslope	  with	   time	   for	  Percentage	  Strain	  Softening	  
and	   Displacement	   Strain	   Softening	   analyses	   to	   evaluate	   suitable	   values	   for	   Displacement	   Strain	   Softening	  
model.	   For	   excavated	   slope	   strain	   softening	   analyses	   compared	   to	   the	   Kovacevic	   (1994)	   result	   for	   a	   1in3	  
gradient	  10m	  high	  slope	  with	  K0=2.0.	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3.4.5. Dimensions	  of	  the	  cutting	  The	  mesh	  employed	  in	  the	  analyses	  presented	  up	  until	  this	  point	  is	  a	  replica	  of	  the	  mesh	  used	  by	  Kovacevic	   (1994)	   and	   Potts	   et	   al.	   (1997)	   to	   represent	   one	   side	   of	   a	   cutting,	   with	   a	   line	   of	  symmetry	  at	  the	  centre	  of	  the	  excavation.	   	  These	  analyses	  relate	  to	  cuttings	  made	  for	  railways	  with	  reference	  to	  historical	  evidence	  of	  time	  to	  failure.	  	  For	  this	  work	  to	  be	  related	  to	  motorway	  or	  road	  cuttings	  and	  their	   future	  stabilisation	  or	  widening,	  the	  dimensions	  of	  the	  cutting	  must	  be	   relevant.	   	   A	   summary	   of	   typical	  motorway	   dimensions	   is	  made	   in	   Table	   3.2	   based	   on	   the	  Highway	   Design	   Manual	   for	   Roads	   and	   Bridges	   (Department	   for	   Transport,	   2005).	   	   Half	   the	  width	  of	  a	  motorway	  varies	  between	  11.55m	  and	  21.75m	  depending	  on	  whether	  the	  motorway	  is	  rural	  or	  urban	  and	  the	  number	  of	  lanes;	  2,	  3	  or	  4.	  	  The	  current	  mesh	  represents	  a	  cutting	  with	  a	   half	   base	  width	   of	   8m	   and	   therefore	   the	  mesh	   needs	   to	   be	   extended	   laterally.	   	   The	   cutting	  width	   for	   the	   new	   mesh	   is	   chosen	   as	   16m,	   which	   is	   suitable	   for	   a	   2	   lane	   rural	   or	   urban	  motorway	   and	   a	   three	   lane	   urban	   motorway.	   	   For	   adding	   or	   relocating	   lanes	   within	   a	  carriageway	   that	   is	   constrained	   by	   existing	   structures	   that	   cannot	   be	   easily	   widened,	   the	  minimum	  reduced	  width	  allowed	   for	  a	  4	   lane	  motorway	   is	  15.6m	  (Department	   for	  Transport,	  2005),	  which	  can	  also	  be	  represented	  with	  the	  16m	  base	  width	  mesh.	  	  Carder	  &	  Easton	  (2001)	  use	   the	   finite	   element	  method	   to	  model	   pile	   stabilisation	   of	   a	  motorway	  with	   a	   boundary	   of	  symmetry	  15m	  from	  the	  base	  of	  the	  slope.	  	  The	  impact	  of	  further	  extension	  of	  the	  cutting	  width	  to	  model	  wider	  road	  cuttings	  is	  explored	  in	  Appendix	  B.	  	  
Table	  3.2	  Guidance	  Values	   for	   the	  design	  width	  of	  motorway,	  minimum	  recommended	  width	   for	   rural	  and	  
urban	   motorways,	   which	   is	   different	   as	   specified.	   R	   and	   U	   represent	   Rural	   and	   Urban	   respectively.	  
(Department	  for	  Transport,	  2005)	  Suggest	  width	  for	  motorway	  design	  (m)	  
	  
Verge	   Hard	  Shoulder	   Carriageway	   Hardstrip	   ½	   Central	  Reservation	   ½	   Total	   Width	  of	  Motorway	  2	  lane	  motorway	   R	   1.5	   3.3	   7.3	   0.7	   1.55	   14.35m	  U	   varies	   2.75	   0.8	   11.55m	  3	  lane	  motorway	   R	   1.5	   3.3	   11.0	   0.7	   1.55	   18.05m	  U	   varies	   2.75	   1.05	   15.50m	  4	  lane	  motorway	   R	   1.5	   3.3	   14.7	   0.7	   1.55	   21.75m	  U	   varies	   2.75	   1.05	   19.20m	  	  The	  depth	  of	  the	  material	  below	  the	  cutting	  in	  the	  current	  mesh	  is	  10m.	  	  In	  Figure	  3.17,	  a	  zone	  of	  high	  strain	  extends	  towards	  the	  bottom	  boundary.	  	  This	  suggests	  that	  this	  boundary	  should	  be	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lowered	   to	   reduce	   boundary	   effects.	   	   Analyses	   by	   Kovacevic	   (1994)	   using	   a	   20m	   deep	   base	  allowed	  a	  secondary	  slip	  surface	  to	  form	  below	  the	  original	  depth	  of	  the	  base	  of	  the	  mesh.	  	  The	  overall	  analysis	  results	  were	  virtually	  unchanged,	  but	  a	  deeper	  slip	  surface	  could	  interact	  with	  the	  piles.	   	  A	  deeper	  mesh	  will	   also	   allow	   for	   longer	  piles	   to	  be	   investigated.	   	  The	   lower	  mesh	  boundary	  was	  extended	  10m	  to	  depict	  a	  10m	  deep	  excavation	  in	  a	  30m	  depth	  of	  material.	  The	  dimensions	  of	  the	  two	  meshes	  are	  compared	  in	  Figure	  3.26.	  	  The	  shape	  and	  distribution	  of	  the	  elements	  are	  maintained.	  	  These	  meshes	  are	  referred	  to	  as	  inclined	  element	  meshes	  due	  to	  the	   pattern	   of	   their	   elements.	   The	   impact	   of	   the	   change	   in	   cutting	   and	   mesh	   dimensions	   is	  explored	  in	  Figure	  3.27.	  	  The	  new	  20m	  deep	  mesh	  produces	  a	  smaller	  horizontal	  displacement	  with	   time	   than	   the	   10m	   deep	   mesh,	   which	   is	   closer	   to	   the	   displacement	   developed	   in	   the	  Kovacevic	  (1994)	  S5	  analysis.	   	  Overall,	   these	  changes	   in	  mesh	  dimensions	  had	  little	   impact	  on	  results.	   	  The	  new	  dimensions	  (20m	  base)	  will	  be	  used	   in	  all	   cutting	  analyses	  presented	   in	   the	  remainder	  of	  this	  chapter	  and	  thesis,	  unless	  otherwise	  stated.	  	  
	  
Figure	  3.26	  Comparison	  of	  two	  inclined	  elements	  meshes	  with	  different	  dimensions	  for	  excavation	  width	  and	  
mesh	  depth	  (a)	  Original	  mesh	  dimensions	  used	  by	  Kovacevic	  (1994)	  (b)	  Wider	  and	  deeper	  mesh	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Figure	  3.27	  Comparison	  of	   accumulated	  horizontal	   displacement	   of	  midslope	  with	   time	   for	   analyses	   using	  
different	  depths	  of	  the	  base	  below	  the	  excavation.	  For	  an	  excavated	  slope	  of	  a	  1	  in	  3	  gradient	  10m	  high	  with	  
K0=2.0	  employing	  a	  percentage	  strain	  softening	  model.	  	   	  
-­‐1.0	  
-­‐0.5	  





















Time	  since	  excavation	  Yinished	  (years)	  
10m	  base,	  Original	  (S5)	  Kovacevic	  (1994)	  10m	  deep	  base	  mesh	  20m	  deep	  base	  mesh	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 Incorporating	  Stabilisation	  Piles	  in	  the	  Slope	  Analyses	   	  3.5.There	  are	  many	  considerations	  when	  including	  piles	  in	  a	  numerical	  slope	  stability	  analysis.	  The	  pile	  itself	  requires	  appropriate	  models	  and	  elements	  to	  represent	  it.	  	  The	  existing	  finite	  element	  cutting	  analysis	  will	  require	  adaption	  to	  accommodate	  modelling	  of	  the	  pile.	  The	  design	  of	  the	  slope	  and	  pile	  analyses	  should	  consider	  that	  their	  aim	  is	  to	  evaluate	  the	  use	  of	  stabilisation	  piles	  within	  a	  slope.	   	  This	  will	   include	  a	  consideration	  of	  which	  parameters	  of	   the	  piles	  and	  cutting	  are	  most	  relevant	  to	  study.	  	  There	  will	  be	  a	  varied	  contribution	  of	  the	  pile	  to	  the	  stability	  of	  the	  cutting	  depending	  on;	  the	  pile	  location,	  dimensions,	  strength	  and	  stiffness	  properties	  used.	  	  The	  analyses	   should	   be	   designed	   with	   the	   flexibility	   to	   examine	   all	   of	   these	   parameters.	   	   These	  differences	  will	  require	  quantification	  and	  evaluation.	  	  	  	  
3.5.1. Pile	  Properties	  and	  Finite	  Element	  Models	  To	  effectively	  model	  stabilisation	  piles	  within	  a	  cutting	  slope,	  their	  inclusion	  will	  begin	  with	  an	  assessment	  of	  the	  most	  relevant	  properties	  of	  the	  piles.	  This	  includes	  the	  properties	  required	  as	  inputs	  and	   the	  most	   relevant	  output	  properties	   to	  understand	  and	  quantify	   the	  pile	   response.	  	  The	  material	  strength,	  density	  and	  stiffness	  will	  govern	  the	  piles	  response.	   	  Assuming	  that	  the	  pile	   is	   made	   from	   reinforced	   concrete,	   the	   material	   properties	   of	   concrete	   and	   steel	   will	   be	  considered.	  	  The	  concrete	  part	  of	  the	  pile	  responds	  to	  compressive	  forces	  and	  the	  steel	  responds	  to	  the	  tensile	  forces.	  	  The	  pile	  could	  be	  modelled	  as	  elastic	  or	  as	  an	  elastic	  perfectly	  plastic	  material,	  which	  requires	  inputs	  of	  a	  plastic	  limit	  at	  which	  failure	  of	  the	  pile	  would	  occur.	  	  Appropriate	  limits,	  relevant	  to	  the	  element	  and	  models	  used	  to	  represent	  the	  pile,	  will	  be	  discussed	  in	  more	  detail	  when	  piles	  are	  included	  in	  the	  slope	  analysis	  in	  Chapter	  7.	  	  If	  the	  pile	  is	  considered	  as	  a	  beam	  loaded	  by	  the	  soil	  stresses	  and	  soil	  movement,	  pile	  failure	  could	  occur	  due	  to	  excessive	  axial	  force,	  shear	  force	  or	   bending	   moment.	   	   The	   pile	   dimensions	   will	   influence	   these	   ultimate	   values.	   	   The	  development	   of	   these	   forces	   and	   bending	   moment	   should	   be	   monitored	   during	   analyses	   to	  assess	  the	  influence	  of	  pile	  dimensions.	  	  The	  displacement	  and	  relative	  displacement	  of	  the	  pile	  and	  the	  soil	  surrounding	  it	  would	  also	  provide	  insight	  into	  the	  pile	  and	  slope	  interaction.	  Stiffness,	  density	  and	  strength	  of	  the	  pile	  can	  be	  easily	  specified	  but	  an	  appropriate	  method	  will	  be	  required	   to	   translate	  a	  variation	  of	  spacing	  between	  the	  discrete	  piles,	  which	  occurs	   in	   the	  row	  of	  piles	  located	  transversely	  across	  the	  slope,	  or	  in	  the	  third	  dimension	  not	  represented	  by	  a	  two	  dimensional	  analysis.	   	   In	  a	  two	  dimensional	  analysis,	  the	  pile	  will	  be	  representative	  of	  a	  solid	  wall.	  	  To	  reflect	  the	  distribution	  of	  the	  piles	  in	  the	  third	  dimension,	  the	  spacing	  of	  the	  piles	  is	  used	  to	  average	  the	  dimensional	  properties	  of	  the	  pile.	  	  	  This	  makes	  the	  pile	  weaker	  to	  reflect	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the	  load	  from	  the	  full	  volume	  of	  soil	  that	  the	  pile	  would	  be	  resisting	  when	  the	  third	  dimension	  of	  the	  problem	  is	  considered.	  	  The	  spacing	  of	  the	  piles	  is	  usually	  given	  in	  terms	  of	  diameter	  of	  the	  pile	  and	  measured	  as	  the	  distance	  between	  the	  centres	  of	  neighbouring	  piles.	  	  It	  was	  found	  that	  a	  spacing	  of	  3	  to	  5	  diameters	  was	  the	  most	  effective	  in	  resisting	  soil	  movement(Carder	  &	  Easton,	  2001).	  	  The	  impact	  of	  spacing	  will	  be	  another	  parameter	  for	  the	  analyses	  presented	  in	  Chapter	  7,	   but	   it	   does	   not	   influence	   the	   design	   of	   the	   two	  dimensional	  mesh	   or	   the	   decision	   of	  which	  elements	  to	  use	  to	  represent	  the	  pile.	  	  
3.5.2. Piles	  Elements	  The	  elements	  representing	  the	  pile	  should	  have	  the	  ability	  to	  adjust	  the	  strength,	  stiffness	  and	  spacing	   as	   appropriate.	   The	   response	   of	   the	   pile	   to	   loading	   by	   the	   soil	   can	   be	  monitored	   and	  evaluated	  by	  considering	  the	  forces	  transferred	  to	  the	  pile,	  deflection	  of	  the	  pile	  and	  associated	  strains.	   	   The	   two	   options	   for	   elements	   representing	   the	   pile	   are	   solid	   elements	   and	   beam	  elements.	  	  Solid	  elements	  model	  the	  pile	  in	  a	  similar	  way	  to	  the	  surrounding	  soil	  continuum,	  but	  employing	   different	   material	   properties	   and	  models.	   	   The	  mesh	   layout	   to	   include	   solid	   piles	  must	  represent	  an	  appropriate	  width	  and	  length	  for	  the	  pile.	  The	  pile	  could	  be	  one	  element	  in	  width	   or	   length	   or	   it	   could	   be	   formed	   of	   several	   elements	   to	   create	   the	   desired	   dimensions,	  which	  would	   facilitate	  modelling	  a	  varying	  pile	   radius	  and	   length	  with	   the	   same	  mesh	   layout.	  	  This	  would	  reduce	  the	  impact	  of	  mesh	  dependence	  issues.	  	  In	  a	  30	  m	  wide	  slope	  with	  the	  pile	  elements	  for	  a	  varying	  pile	  width,	  the	  width	  of	  individual	  pile	  elements	   could	   be	   small	   compared	   to	   their	   length	   and	   the	   surrounding	   solid	   elements	  representing	  the	  soil.	   	  The	  solid	  elements	  representing	  the	  pile	  must	  follow	  the	  usual	  rules	  for	  producing	  an	  appropriate	  mesh	  where	  the	  aspect	  ratio	  of	  the	  elements	  is	  not	  too	  large	  and	  the	  change	   in	  element	  size	   is	  not	  abrupt.	   	  This	  may	  require	  a	  reduction	   in	  size	  of	   the	  surrounding	  soil	  elements.	  	  Including	  sufficient	  elements	  to	  represent	  the	  pile	  with	  solid	  elements	  within	  the	  soil	  will	   increase	   the	   number	   of	   elements	   in	   the	  mesh,	  which	  will	   increase	   the	   run	   time	   and	  complexity	  of	  the	  analysis.	  	  Solid	  elements	  will	  provide	  detailed	  information	  on	  the	  distribution	  of	  stresses	  within	  the	  piles.	  	  	  However,	  the	  information	  required	  from	  these	  elements	  is	  often	  the	  distribution	  of	  the	  average	  quantities	  in	  the	  structure.	  In	  the	  case	  of	  the	  pile	  this	  would	  be	  the	  bending	  moment,	  shear	  force	  distribution	  and	  associated	   strains.	   	  The	  averaged	  properties	   can	  be	   calculated	  directly	   in	   the	  analysis	  by	  using	  the	  specially	  formulated,	  zero	  thickness	  beam	  elements	  to	  model	  the	  pile.	  	  This	  avoids	   the	   additional	   calculations	   needed	   to	   interpret	   the	   stresses	   in	   solid	   elements	   (Potts	  &	  Zdravković,	  1999).	  	  Beam	  elements	  have	  previously	  been	  employed	  to	  model	  the	  distribution	  of	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relative	   pile	   to	   soil	   movement	   in	   a	   2-­‐dimensional	   horizontal	   slice(Durrani,	   2006).	   	   In	   a	   two-­‐dimensional	  analysis,	  the	  increased	  width	  of	  the	  pile	  in	  the	  direction	  of	  the	  soil	  movement	  can	  be	  modelled	  with	  extra	  solid	  elements.	   	  A	  beam	  element	  can	  represent	   the	  change	   in	  strength	  and	   stiffness	   due	   to	   width	   without	   changing	   the	   number	   of	   elements	   involved	   or	   the	   mesh	  layout.	   	  This	  assumption	  will	  be	  examined	   in	  Chapter	  7	  by	  comparing	  analyses	  with	  solid	  and	  beam	  elements	  that	  employ	  the	  same	  mesh	  layout.	  Beam	   elements	   can	   be	   modelled	   as	   elasto-­‐plastic	   so	   that	   failure	   of	   the	   pile	   can	   occur	   at	   a	  specified	  bending	  moment,	  shear	  force	  or	  axial	  force.	  This	  type	  of	  element	  is	  placed	  in	  between	  existing	   soil	   elements	   and	  does	  not	   require	   a	   change	   in	   the	   elements	   forming	   the	   slope.	   	   The	  total	   number	   of	   elements	   required	   for	   an	   analysis	   employing	  beam	  elements	  would	  be	   lower	  than	   for	   a	   solid	   elements	   pile.	   	   The	   use	   of	   fewer	   elements	   in	   addition	   to	   fewer	   required	  calculations,	   as	   stress	   in	   the	   element	   is	   not	   calculated,	   reduces	   the	   numerical	   cost	   of	   a	   beam	  element	  analysis	  compared	  to	  a	  solid	  elements	  pile	  analysis.	  	  The	  numerical	  benefits	  provide	  by	  beam	   elements	   make	   them	   particularly	   suitable	   for	   a	   large	   set	   of	   analyses	   investigating	   the	  effects	   of	   the	   location	   of	   the	   pile	   within	   the	   slope,	   with	   a	   reduced	   focus	   on	   the	   horizontal	  variation	  of	  stresses	  and	  strains	  within	  the	  pile.	  Furthering	  the	  understanding	  of	  the	  behaviour	  and	  interaction	  of	  the	  pile	  and	  slope	  collectively	  is	   the	  main	  motivation	   for	   this	   project.	   	   The	   influence	   of	   the	   soil	   and	  pile	   interaction	   at	   their	  interface	  may	  be	  significant	  to	  their	  collective	  behaviour.	  	  The	  interface	  zone	  is	  disturbed	  during	  pile	  installation	  or	  construction.	  	  When	  the	  pile	  is	  acting	  to	  stabilise	  the	  slope,	  the	  interface	  soil	  at	  the	  pile	  and	  soil	  boundary	  transfers	  the	  loads	  and	  movements	  between	  these	  two	  materials	  with	  distinct	  behaviour.	  	  The	  effects	  of	  this	  zone	  warrant	  further	  investigation.	  	  Many	  methods	  have	   been	   proposed	   to	   model	   the	   soil-­‐structure	   interface	   where	   discontinuous	   or	   distinct	  behaviour	   may	   occur.	   	   If	   continuum	   elements	   are	   used	   to	   connect	   these	   two	   areas	   then	   the	  structural	   and	   solid	   elements	  would	  have	   to	  move	   together	   and	   relative	  movement	  would	  be	  prohibited	   (Potts	   &	   Zdravković,	   1999).	   	   It	   has	   been	   noted	   in	   Section	   2.4	   that	   there	   can	   be	  relative	  movement	   between	   the	   soil	   and	   the	   pile.	   	   Ideally	   the	   elements	   representing	   the	   pile	  should	   allow	   for	   slippage	   amounting	   to	   that	   appropriate	   just	   before	   failure	   of	   the	   system	   or	  before	  a	  serviceability	  failure.	  	  	  One	   solution	  previously	   employed	   to	   represent	   the	   interface,	   is	   to	  model	   the	   interface	   soil	   as	  springs	   that	   provide	   shear	   and	   normal	   stiffness	   but	   allow	   relative	  movement	   between	   nodes	  (Durrani,	   2006).	   	   Another	   option	   is	   to	   use	   special	   elements	   called	   interface	   elements,	   also	  known	  as	  joint	  elements.	   	  These	  are	  the	  most	  popular	  method	  used	  to	  model	  this	  boundary	  as	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they	   allow	  differential	  movement	   of	   the	   soil	   and	   structure	   and	   they	   can	   vary	   the	   constitutive	  behaviour	  at	  this	  interface	  (Potts	  &	  Zdravković,	  2001).	  	  	  	  Interface	   elements	   have	   zero	   or	   finite	   thickness,	   with	   normal	   and	   shear	   force	   components;	  which	  are	  related	  to	  the	  normal	  and	  tangential	  strains	  by	  constitutive	  equations.	  	  The	  elements	  are	   given	   a	   stiffness	   value	   and	   exhibit	   linear	   elastic	   or	   elasto-­‐plastic	   behaviour.	   	   To	   model	  slippage	  the	  interface	  elements	  can	  exhibit	  similar	  properties	  as	  soil	  up	  to	  an	  ultimate	  value	  at	  which	   slip	   occurs.	   	   To	   simulate	   the	   formation	   of	   a	   slip	   surface	   at	   the	   interface,	   a	   decrease	   in	  strength	  using	  the	  shear	  modulus	  can	  be	  specified	  (Kim	  &	  Jeong,	  2011).	  	  This	  would	  permit	  the	  modelling	   of	   strain	   softening	   soil	   in	   this	   interface	   zone,	   although	   as	   the	   soil	   elements	  would	  already	   model	   this	   behaviour,	   inclusion	   of	   interface	   elements	   may	   not	   be	   necessary.	  	  Alternatively,	   the	   interface	  element	  can	  reflect	  changes	   in	  stiffness	  by	  specifying	  high	  stiffness	  compared	  to	  the	  surrounding	  soil	  simulating	  a	  rough	  interface,	  but	  stiffness	  drops	  in	  response	  to	  a	  certain	  level	  of	  loading	  (Durrani	  et	  al.,	  2008;	  Durrani,	  2006).	  	  Stiff	  interface	  elements	  were	  used	   in	  2D	  analysis	  by	  Durrani	   (2006)	   to	  connect	  beam	  elements	   (pile)	   to	   the	  soil	   continuum	  elements	  when	  modelling	  a	   stiff	   clay	   soil.	   	   In	  a	   three	  dimensional	   analysis,	   interface	  elements	  have	  been	  used	  to	  model	  slippage	  and	  gapping	  in	  a	  piled	  slope	  analysis.	  	  This	  can	  be	  done	  with	  a	  zero	   tensile	   material	   to	   represent	   gapping	   (Georgiadis	   &	   Georgiadis,	   2010)	   or	   whilst	   still	  modelling	   a	   frictional	   interface,	   but	   permitting	   differential	   movement(Liang	   &	   Yamin,	   2010).	  	  This	   was	   considered	   necessary	   to	   reproduce	   observed	   behaviour	   but	   the	   importance	   of	  simulating	   gapping	   and	   sliding	   at	   the	   interface	   to	   the	   pile	   failure	   mechanism	   has	   not	   been	  evaluated.	   	   A	   comparison	   of	   analyses	   including	   and	   excluding	   interface	   elements	   would	   be	  useful	  to	  assess	  their	  importance	  when	  simulating	  stabilisation	  piles	  in	  stiff	  clay	  cuttings.	  Modelling	   construction	   of	   the	   pile	   is	   the	   other	   main	   consideration	   for	   including	   interface	  elements	  for	  slope	  stability	  analyses	  with	  piles.	   	  The	  pile	  installation	  process	  is	  complicated	  to	  model,	  involving	  the	  removal	  of	  material,	  disturbance	  of	  the	  adjacent	  material	  and	  insertion	  of	  a	  new	  material	  for	  the	  pile.	  	  For	  solid	  and	  beam	  elements,	  the	  piles	  are	  often	  just	  ‘wished	  in	  place’	  ignoring	   the	   installation	   effects	   (Kim	   &	   Jeong,	   2011).	   The	   material	   properties	   of	   the	   solid	  elements	  representing	  the	  pile	  are	  simultaneously	  changed	  to	  pile	  material	  properties	  or	  beam	  elements	   are	   simultaneously	   constructed.	   This	   ‘wished	   in	   place’	   method	   can	   be	   used	   at	   any	  point	  during	  the	  analysis.	  	  Georgiadis	  and	  Georgiadis	  (2010)	  changed	  the	  pile	  material	  after	  the	  gravity	  switch	  on	  method	  had	  generated	  initial	  stresses	  in	  soil.	  	  Kim	  and	  Jeong	  (2011)	  installed	  the	   pile	   in	   their	   analyses	   by	   changing	   material	   properties	   to	   create	   a	   pile	   with	   zero	   initial	  stresses.	  	  This	  method	  has	  also	  allowed	  investigation	  of	  installing	  piles	  at	  different	  times	  after	  a	  cutting	  has	  been	  excavated	  (Carder	  &	  Easton,	  2001).	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If	   interface	   elements	   are	   inserted	   along	   the	   boundaries	   of	   solid	   or	   beam	   element	   piles,	   the	  interface	   element	   properties	   can	   be	   used	   to	   reflect	   the	   disturbance	   of	   the	   soil	   due	   to	   pile	  construction(Cai	   &	   Ugai,	   2000a).	   	   Liang	   and	   Zeng	   (2002)	   used	   interface	   elements	   with	   two	  thirds	  of	   the	  strength	  properties	  of	   the	  surrounding	  soil	   to	  simulate	  construction	  disturbance.	  	  Interface	  elements	  can	  be	  used	  to	  evaluate	  the	  influence	  of	  this	  zone	  to	  the	  global	  interaction	  of	  the	  pile	  and	  slope	  and	  the	  effectiveness	  of	  the	  stabilisation	  of	  the	  pile	  within	  the	  slope.	  Slope	  stabilisation	  piles	  can	  be	  modelled	  within	  a	  2D	  or	  3D	  numerical	  analysis	  as	  solid	  elements	  or	   beam	   elements.	   	   The	   available	   elements	   will	   influence	   the	   design	   of	   mesh	   outlays	   for	  inclusion	  of	  vertical	  piles	  within	  the	  slope.	  	  Whilst	  solid	  elements	  will	  provide	  stress,	  strain	  and	  displacement	   information,	  beam	  elements	  directly	  output	  useful	  engineering	   information	  such	  as	   the	   bending	   moment	   and	   shear	   force	   distribution	   but	   are	   of	   zero	   thickness.	   	   Solid	   pile	  elements	   are	   likely	   to	   require	   smaller	   solid	   soil	   elements	   than	   the	  beam	  elements,	  which	  will	  increase	  the	  number	  of	  elements	  in	  a	  mesh	  incorporating	  solid	  elements.	  	  The	  interface	  between	  the	  pile	  and	  soil	   can	  be	  modelled	  using	  springs	  or	   interface	  elements.	   	   Interface	  elements	  can	  model	   a	   frictional	   surface	   that	   permits	   slippage	   and	   gapping	   of	   the	   soil.	   They	   also	   have	   the	  potential	   to	   represent	   some	   of	   the	   disturbance	   caused	   by	   pile	   installation	   to	   adjacent	   soil.	  	  However,	  installation	  effects	  are	  generally	  ignored	  and	  the	  piles	  are	  placed	  in	  the	  slope	  simply	  by	   changing	   the	   material	   properties	   of	   the	   required	   elements	   or	   reconstructing	   interface	   or	  beam	  elements.	  	  There	  is	  not	  a	  clear	  choice	  between	  the	  use	  of	  beam	  and	  solid	  elements	  and	  the	  inclusion	  of	   interface	   elements	  with	   either	   of	   these	   elements.	   	   The	  pile	   analyses	  presented	   in	  Chapter	   7	   will	   evaluate	   these	   different	   options	   and	   the	   current	   mesh	   design	   will	   need	   to	  facilitate	  use	  of	  all	  these	  elements.	  	  
3.5.3. Mesh	  design	  for	  Vertical	  Piles	  	  The	   interaction	   of	   the	   pile	   within	   the	   slope	   will	   depend	   on	   the	   pile	   location,	   dimensions,	  spacing,	  stiffness	  and	  strength.	  Mesh	  design	  should	  allow	  for	  flexibility	  of	  the	  pile	  location	  and	  possible	   dimensions.	   	   To	   model	   vertical	   piles,	   the	   elements	   representing	   the	   pile	   must	   be	  vertical.	   	   Beam	   and	   interface	   elements	   are	   inserted	   in	   between	   solid	   elements	   therefore	   the	  solid	  elements	   in	   the	  area	  where	   the	  piles	  are	   to	  be	   installed	  require	  vertical	   sides.	  The	  mesh	  layout	  used	  by	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1996)	  shown	  in	  Figure	  3.15	  does	  not	  contain	  vertical	   sided	   elements	   for	   the	   entire	   depth	   of	   the	   slope.	   	   A	   new	  mesh	   layout	   is	   required	   for	  modelling	  vertical	  piles.	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Figure	  3.28	  Different	  mesh	  designs	  to	  include	  vertical	  stabilisation	  piles,	  excavation	  area	  shaded	  grey.	  	  The	  new	  mesh	  layouts	  are	  compared	  to	  the	  original	  inclined	  elements	  mesh	  in	  Figure	  3.28.	  	  The	  shaded	  area	  defines	  the	  area	  of	  excavation,	  which	  is	  identical	  for	  these	  four	  meshes.	  	  Three	  new	  mesh	   layouts	   have	   been	   designed.	   	   Two	   can	   be	   used	   for	   solid	   or	   beam	   element	   piles	   in	   one	  location	   (base	   of	   slope	   and	  mid-­‐slope),	   Figure	   3.28(b)	   and	   (c).	   The	   third	  mesh	   is	   designed	   to	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only	   use	   beam	   elements	   to	   represent	   the	   piles	   but	   the	   pile	   can	   be	   placed	   in	   26	   different	  locations,	  Figure	  3.28(d).	  	  The	  length	  of	  the	  pile	  can	  be	  varied	  when	  employing	  all	  three	  meshes.	  	  	  Analyses	  employing	  the	  original	  inclined	  elements	  mesh	  used	  a	  permeability	  model	  that	  varies	  the	  permeability	  spatially,	   in	  this	  case	  with	  depth.	   	  Two	  different	  profiles	  were	  employed	  with	  different	  variations	  with	  depth.	  	  The	  horizontal	  line	  at	  the	  base	  of	  the	  slope	  is	  used	  as	  a	  depth	  at	  which	  the	  two	  permeability	  profiles	  that	  vary	  permeability	  with	  depth	  are	  equal.	  	  The	  new	  mesh	  layouts	  do	  not	  contain	  the	  horizontal	  line	  at	  the	  base	  of	  the	  slope	  that	  is	  present	  in	  the	  original	  inclined	  elements	  mesh,	  Figure	  3.28(a).	  	  For	  a	  mesh	  layout	  to	  include	  a	  horizontal	  line	  across	  the	  whole	  mesh	  at	  the	  base	  of	  the	  slope	  and	  a	  vertical	  line	  for	  the	  entire	  depth	  of	  the	  mesh	  there	  will	  be	   a	   triangle	   in	   the	   mesh	   at	   the	   base	   of	   the	   slope.	   	   ICFEP	   requires	   a	   mesh	   of	   quadrilateral	  elements.	   	   The	   new	  mesh	   layouts	   contain	   only	   quadrilateral	   elements	  without	   the	   horizontal	  line	  necessary	  for	  the	  permeability	  profile	  previously	  employed.	   	  A	  new	  permeability	  profile	  is	  therefore	  required	  and	  the	  choice	  of	  profile	  is	  discussed	  in	  Section	  3.6.1.	  	  
 Preliminary	  Analyses	  with	  New	  Meshes	  and	  Permeability	  Profile	  3.6.The	   format	   of	   finite	   element	   cutting	   analyses	   has	   been	   modified	   to	   permit	   the	   inclusion	   of	  stabilisation	   piles.	   	   In	   these	   preliminary	   analyses,	   no	   piles	   are	   included	   in	   the	   analyses.	   	   The	  expected	   behaviour	   and	   failure	   mechanisms	   of	   a	   slope	   excavated	   in	   stiff	   clay	   presented	   by	  previous	  projects	   (Ellis	  &	  O'Brien,	  2007;	  Carder	  &	  Easton,	  2001;	  Potts	  et	  al.,	  1997;	  Kovacevic,	  1994)	   provide	   a	   comparison	   for	   the	   evaluation	   of	   results.	   The	   effects	   of	   new	   meshes	   and	  permeability	   profiles	   will	   be	   assessed.	   	   This	   will	   also	   permit	   an	   examination	   of	   the	   mesh	  dependency	   of	   the	   percentage	   strain	   and	   displacement	   strain	   softening	   models.	   	   Significant	  mesh	   dependence	   of	   analyses	   employing	   these	   existing	   methods	   will	   necessitate	   the	  development	  and	  implementation	  of	  a	  new	  strain	  softening	  method	  in	  ICFEP.	  	  
3.6.1. Effect	  of	  New	  Permeability	  Profile	  A	  new	  permeability	   profile	   is	   required	   for	   use	  with	   the	   new	  meshes	   designed	   to	   incorporate	  vertical	  stabilisation	  piles.	  	  The	  permeability	  profile	  used	  for	  London	  clay	  cut	  slopes	  in	  work	  by	  Kovacevic	  (1994)	   is	  compared	  to	   in-­‐situ	  pressuremeter	  tests	   in	  Figure	  3.5,	  and	   is	   identified	   in	  Figure	  3.29	  as	  k(NK).	   	  This	  profile	  represents	  two	  distinct	  profiles	  that	  vary	  permeability	  with	  depth	   using	   different	   gradients,	   whose	   values	   coincide	   at	   the	   base	   of	   the	   10m	   cutting.	   	   The	  ICFEP	  seepage	  model	   for	   isotropic,	  spatially	  varying	  permeability	   is	  used.	   	  The	  top	   layer	  has	  a	  change	  in	  permeability	  with	  depth	  of	  1.5811	  x	  10-­‐4m/year.	  	  The	  bottom	  layer	  has	  a	  change	  with	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depth	  of	  2.687904	  x	  10-­‐4	  m/year.	   	  The	  m/year	  units	  are	  used	  so	  time	  steps	  in	  the	  analyses	  are	  specified	  in	  years	  rather	  than	  seconds.	   	  The	  permeability	  calculated	  using	  the	  two	  gradients	  is	  equal	   at	   the	   base	   of	   the	   slope,	   10	   m	   below	   the	   original	   surface,	   with	   a	   permeability	   of	  0.00474334m/year	  or	  1.504	  x	  10-­‐10m/s.	  	  Two	   other	   permeability	   profiles	   are	   shown	   on	   Figure	   3.29	   as	   k(a)	   and	   k(b).	   	   They	   use	   a	  permeability	  model	   that	  varies	  with	  effective	  stress	  using	  a	   logarithmic	  relation,	  as	  defined	   in	  Equation	  (3.9).	  	  	  The	  required	  inputs	  are	  the	  permeability	  at	  zero	  mean	  effective	  stress,	  k0,	  and	  a	  constant	  ‘a’,	  for	  the	  logarithmic	  mean	  effective	  stress	  relationship	  as	  discussed	  in	  Section	  3.2.3.	  	  The	  two	  permeability	  profiles	  k(a)	  and	  k(b)	  are	  taken	  from	  more	  recent	  work	  on	  London	  Clay	  cutting	  slopes	  (Kovacevic	  et	  al.,	  2007).	  	  The	  parameters	  for	  k(a)	  are	  k0=	  0.063072m/yr	  or	  2	  x	  10-­‐9m/s	  and	  a=0.007.	  For	  k(b)	  the	  parameters	  are	  k0=0.0157680m/yr	  or	  5	  x	  10-­‐10m/s	  and	  a=0.003.	  All	  three	  profiles	  predict	  an	  initial	  permeability	  with	  depth	  that	  corresponds	  to	  the	  range	  of	  in-­‐situ	  pressuremeter	  measurements	  made	   in	  London	  Clay	   shown	   in	  Figure	  3.29.	   	  The	  new	  k(a)	  and	   k(b)	   permeability	   profiles	  will	   respond	   to	   changes	   in	   effective	   stress,	  whereas	   the	   k(NK)	  profile	  remains	  constant	  throughout	  the	  analyses.	  When	   applied	   to	   strain	   softening	   cutting	   analyses	   using	   the	   inclined	   elements	   mesh,	   Figure	  3.28(a),	  the	  profiles	  all	  give	  different	  times	  to	  failure,	  Figure	  3.30.	  	  Results	  are	  shown	  using	  both	  the	  percentage	  strain	  softening	  method	  (peak	  at	  5%	  strain	  and	  residual	  at	  20%	  strain),	  Figure	  3.30(a)	  and	  the	  displacement	  strain	  softening	  method	  (peak	  strain	  at	  0.11m	  and	  residual	  strain	  at	  0.45m),	  Figure	  3.30(b).	  	  The	  k(a)	  profile	  gives	  a	  significantly	  shorter	  time	  to	  failure	  using	  both	  methods.	   	  The	  negative	  pore	  pressures	   created	  by	   the	   excavation	  of	   the	   cutting	  will	   dissipate	  more	  quickly	  in	  a	  more	  permeable	  soil.	  	  The	  k(a)	  profile	  is	  significantly	  more	  permeable	  at	  10m	  below	  the	  ground	  surface	  than	  the	  k(b)	  and	  k(NK)	  profiles	  and	  therefore	  the	  time	  to	  failure	  is	  shorter.	   	  The	  k(b)	  profile	  gives	  a	  time	  to	  failure	  that	  is	  similar	  to	  the	  original	  k(NK)	  profile	  for	  the	  percentage	  strain	  softening	  but	  shorter	  for	  the	  displacement	  strain	  softening	  methods.	  	  The	  time	   to	   failure	   of	   the	   analysis	   is	   very	   sensitive	   to	   the	   permeability	   of	   the	   soil.	   	   This	   will	   be	  discussed	   in	  more	   detail	   in	   Section	   6.2	   and	  Appendix	   A.1	  with	   analyses	   using	   the	   new	   strain	  softening	  model.	  When	   deciding	  which	   of	   the	   two	   new	  permeability	   profiles,	   k(a)	   or	   k(b)	   to	   choose	   for	   use	   in	  future	  analyses,	   the	  expected	   time	  to	   failure	  and	  similarity	   to	   the	  previously	  employed	  profile	  k(NK)	   are	   considered.	   To	   observe	   the	   development	   of	   delayed	   and	   progressive	   failure	   of	   a	  cutting	   slope	   and	   the	   effects	   of	   pore	   water	   dissipation,	   a	   greater	   time	   to	   failure	   will	   be	  advantageous	   by	   exacerbating	   the	   differences	   between	   the	   analyses.	   	   The	   k(b)	   permeability	  profile	  will	  therefore	  be	  employed	  for	  analyses	  using	  the	  new	  meshes.	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Figure	  3.29	  Three	  Permeability	  Models	  for	  London	  Clay	  compared	  to	  in-­‐situ	  pressure	  meter	  measurements,	  



























k(NK)	  k(a)	  k(b)	  
	  	   157	  
	  
Figure	   3.30	   Comparison	   of	   accumulated	   horizontal	   displacement	   of	   midslope	   with	   time	   for	   three	  
permeability	  profiles.	  Plotted	  for	  analyses	  employing	  strain	  softening	  models	  (a)	  percentage	  strain	  softening	  
and	  (b)	  displacement	  strain	  softening.	  Excavated	  slope	  analyses	  employing	  a	  1	  in	  3	  gradient	  10m	  high	  slope.	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3.6.2. Evidence	  of	  Mesh	  Dependency	  of	  the	  Existing	  Local	  Strain	  Softening	  Models	  The	   new	  mesh	   layouts	   discussed	   in	   Section	   3.5.3	   are	   shown	   in	   Figure	   3.28.	   	   The	  meshes	   are	  coloured	  to	  correspond	  to	  the	  plotted	  lines	  in	  Figure	  3.31.	  	  These	  plots	  show	  that	  changing	  the	  layout	  of	   the	  mesh	  has	   changed	   the	   time	   to	   failure	  and	   the	  pattern	  of	  accumulated	  horizontal	  displacement	  with	  time	  for	  all	  cases.	  	  Results	  are	  shown	  employing	  the	  percentage	  strain	  model,	  Figure	   3.31(a)	   and	   the	   displacement	   strain	   softening	   model,	   Figure	   3.31(b).	   	   Both	   of	   these	  methods	  demonstrate	  mesh	  dependency.	   	  The	   time	   to	   failure	   is	   vastly	  different,	   varying	   from	  between	  13	  to	  32	  years	  for	  the	  percentage	  strain	  model	  and	  19	  to	  43	  years	  for	  the	  displacement	  model.	   	   The	   horizontal	   displacement	   of	   midslope	   at	   failure	   is	   also	   very	   varied,	   indicating	   a	  difference	  in	  the	  magnitude	  of	  the	  movement	  and	  therefore	  the	  failure	  mechanism	  identified.	  This	   mesh	   dependency	   is	   a	   product	   of	   the	   strain	   softening	   properties	   of	   the	   soil,	   which	   is	  illustrated	   by	   a	   comparison	   of	   non-­‐softening	   analyses	   using	   the	   same	   strain	   softening	  model,	  but	   with	   constant	   strength	   values.	   	   A	   comparison	   of	   softening	   and	   non-­‐softening	   analyses	   is	  made	  in	  Figure	  3.32.	   	  The	  displacement	  strain	  softening	  method	  was	  used	  in	  these	  8	  analyses.	  	  The	  non-­‐softening	  analyses	  used	  a	  constant	  strength	  of	  φ’	  =	  20°	  and	  c’=2kPa,	  with	  the	  residual	  strength	  remaining	  equal	  to	  peak	  strength.	  	  The	  other	  soil	  properties	  and	  boundary	  conditions	  were	   identical.	   	   The	   softening	   analyses	   used	   the	   strength	   parameters	   specified	   in	   Table	   3.1.	  	  With	   identical	   peak	   and	   residual	   strength	   the	   analyses	   are	   considered	   as	   non-­‐softening	   slope	  analyses.	   	   The	   non-­‐softening	   analyses	   give	   very	   similar	   path	   of	   accumulated	   horizontal	  displacement	  with	  time	  to	  each	  other,	  Figure	  3.32,	  and	  all	  fail	  after	  a	  similar	  time	  period.	  	  This	  indicates	   a	   low	  mesh	   dependency	   for	   non-­‐softening	   analyses.	   	   The	   analyses	   do	   demonstrate	  delayed	  failure,	  failing	  after	  approximately	  70	  years.	  	  This	  failure	  is	  not	  described	  as	  progressive	  failure	  as	  strain	  softening	  soil	  behaviour	  is	  not	  involved.	  The	  current	  strain	  softening	  models	  are	  mesh	  dependent.	   	  Low	  mesh	  dependence	  is	  important	  for	   slope	   analyses	  with	   stabilisation	  piles,	   as	   there	   is	   likely	   to	   be	   a	   variation	   in	   element	   sizes	  within	  the	  mesh.	  	  There	  should	  also	  be	  confidence	  in	  the	  location	  of	  the	  critical	  and	  potential	  slip	  surfaces	   to	   allow	   for	   an	   assessment	   of	   the	   interaction	   of	   piles	   within	   the	   slope.	   	   If	   a	   mesh	  dependent	   strain	   softening	   method	   is	   used	   with	   these	   meshes	   and	   stabilisation	   piles	   are	  included,	   the	   results	   will	   not	   be	   comparable	   for	   different	   meshes.	   	   The	   confidence	   in	   the	  reliability	  of	  the	  mechanisms	  and	  data	  to	  represent	  real	  world	  situations	  will	  be	  reduced.	  	  This	  makes	  the	  method	  unsuitable	  for	  the	  stabilisation	  pile	  analyses.	  	  An	  alternative	  strain	  softening	  method	  is	  required.	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Figure	   3.31	   Comparison	   of	   accumulated	   horizontal	   displacement	   of	  midslope	   with	   time	   for	   four	   different	  
mesh	   designs	   to	   include	   vertical	   stabilisation	   piles	   for	   analyses	   with	   strain	   softening	   excavated	   slope	  
analyses	   employing	   a	   1in3	   gradient	   10m	   height	   slope.	   Plotted	   for	   (a)	   percentage	   strain	   softening	   and	   (b)	  
displacement	  strain	  softening.	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Figure	   3.32	   Comparison	   of	   Accumulated	  Horizontal	   Displacement	   of	  midslope	  with	   time	   for	   displacement	  
strain	  softening	  analyses	  with	  softening	  and	  non-­‐softening	  materials,	  for	  a	  1in3gradient	  	  10m	  high	  slope	  with	  
K0=2	  and	  permeability	  option	  k(b)	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3.6.3. Issues	  with	  the	  existing	  Local	  Strain	  Softening	  Models	  and	  Potential	  Solutions	  A	   strain	   softening	   finite	   element	   analysis	   employing	   elements	   of	   varying	   sizes	   and	   shapes	  requires	  a	  mesh	  independent	  strain	  softening	  model.	  	  The	  mesh	  dependency	  of	  the	  two	  existing	  strain	   softening	  models	   available	   in	   ICFEP	  was	   demonstrated	   in	   Section	   3.6.2.	   	   Consequently,	  the	  planned	  cutting	  and	  stabilisation	  pile	  analyses	  require	  the	  implementation	  of	  an	  alternative	  strain	   softening	  model	   in	   ICFEP.	   	   To	   elect	   a	   suitable	  model,	   first	   the	   causes	   of	   the	   identified	  issues	  must	  be	  explored	  so	  the	  solutions	  of	  the	  potential	  models	  can	  be	  evaluated.	  	  	  The	  existing	  models	   suffer	   from	   two	   issues;	   mesh	   dependency	   and	   convergence	   of	   the	   finite	   element	  equations.	  	  These	  are	  common	  issues	  when	  modelling	  strain	  softening	  behaviour	  using	  the	  finite	  element	   method	   (Vermeer	   &	   Brinkgreve,	   1994;	   Pietruszczak	   &	   Stolle,	   1985).	   	   	   The	   chosen	  method	  for	  a	  reduced	  mesh	  dependence	  strain	  softening	  model	  will	  be	  explored	  in	  more	  depth	  in	  Chapter	  4.	   	   This	   section	   seeks	   to	   compare	   and	   evaluate	   the	   strain	   softening	  model	   options	  qualitatively	  prior	  to	  the	  implementation	  of	  one	  option	  in	  ICFEP.	  In	   a	   finite	   element	   analysis	   the	  material	   is	   treated	   as	   a	   continuum,	   however	   soil	   structure	   is	  formed	   by	   many	   small	   solid	   particles	   with	   a	   complicated	   internal	   structure.	   	   The	   detailed	  behaviour	  of	  different	  microstructures	  and	  properties	   can	  be	   characterised	  at	  different	   scales	  that	  have	  a	   range	  of	   several	  orders	  of	  magnitude.	   	   It	   is	   assumed	   in	   the	   finite	  element	  method	  that	  the	  behaviour	  and	  internal	  structure	  can	  be	  approximated	  at	  a	  resolution	  corresponding	  to	  the	  element	  sizes	  within	  the	  mesh	  (Bažant	  &	  Jirásek,	  2002).	  	  The	  formation	  of	  a	  slip	  surface	  in	  a	  slope	  leads	  to	  a	  concentration	  of	  irreversible	  deformation	  in	  a	  localised	  zone,	  often	  referred	  to	  as	  shear	  bands.	  	  The	  zone	  is	  controlled	  by	  the	  extent	  to	  which	  the	  bifurcation,	  or	  formation	  of	  a	  discontinuity	  in	  the	  material	  affects	  the	  surrounding	  particles(Vardoulakis	  &	  Sulem,	  1995).	  	  	  In	   sand,	   this	   zone	   is	   a	   few	   particles	   thick	   and	   rolling	   of	   the	   particles	   past	   each	   other	   at	   the	  bifurcation	   point	   will	   not	   affect	   particles	   that	   are	   further	   away.	   	   In	   clay,	   individual	   shear	  surfaces	   at	   failure	  may	   be	   contained	  within	   only	   a	   few	   clay	   particles	   but	   there	  will	   be	  many	  shear	  surfaces	  developing	  in	  an	  area	  of	  high	  strain	  concentration.	  	  The	  shape	  and	  arrangements	  of	   the	   platy	   clay	   particles	   cause	   these	   shear	   surfaces	   to	   interact.	   	   The	   evolution	   of	   the	  microstructure	  at	  one	  point	  naturally	  influences	  the	  surrounding	  points	  (Di	  Prisco	  et	  al.,	  2002).	  	  The	   interaction	  of	  many	  shear	  surfaces	  creates	  a	  shear	  band	  over	  a	   larger	  area.	   	  The	  relevant	  shear	   band	   thickness	   will	   therefore	   be	  much	   larger	   than	   the	   soil	   particle	   size.	   	   The	   physical	  thickness	  or	  resolution	  of	  these	  bands	  dictates	  the	  scale	  at	  which	  they	  should	  be	  represented.	  	  	  However,	   in	  a	   typical	   finite	  element	  analysis	   the	  strain	  developed	   in	   these	  bands	   is	  calculated	  using	  the	  displacement	  information	  computed	  at	  the	  nodes	  on	  the	  borders	  of	  the	  elements.	  	  This	  affects	  both	  the	  shear	  band	  thickness	  and	  the	  direction	  of	  its	  development	  (Galavi	  &	  Schweiger,	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2010).	  The	  calculated	  strain	  is	  used	  to	  assess	  the	  degree	  of	  softening	  experience	  by	  the	  material	  at	   that	  point.	   	   There	   can	  be	   a	   large	  difference,	   i.e.	   a	  high	  gradient,	   between	  displacement	   and	  therefore	   strain	   at	   neighbouring	   points.	   	   The	   sizes	   of	   the	   elements	   in	   the	   mesh	   restrict	   the	  minimum	  size	  of	  the	  shear	  band	  to	  the	  distance	  between	  two	  points	  of	  known	  displacement,	  i.e.	  two	  nodes	  (Vardoulakis	  &	  Sulem,	  1995).	  	  ICFEP	  uses	  8	  noded	  elements,	  restricting	  the	  minimum	  shear	  band	  thickness	  to	  the	  width	  of	  half	  an	  element.	  	  Mesh	  refinement	  is	  often	  used	  to	  reduce	  the	  size	  of	  the	  shear	  bands	  to	  an	  appropriate	  width	  and	  has	  the	  additional	  benefit	  of	  reducing	  the	  gradient	  of	  displacement	  change	  across	  one	  element,	  aiding	  convergence	  of	   the	  solution	  (Conte	  et	  al.,	  2010).	   	  However,	   the	  width	  of	   the	  shear	  zone	  continues	   to	   be	  mesh	   dependent	   and	   the	   influence	   of	  mesh	   alignment	   remains	   and	   could	   be	  exacerbated	  by	  restricting	  shear	  band	  development	  to	  the	  refined	  area	  of	  the	  mesh	  (Vermeer	  &	  Brinkgreve,	  1994).	  	  Initially,	  the	  higher	  discretisation	  of	  the	  mesh	  provides	  a	  reduced	  difference	  between	  displacement	  and	  strain	  of	  neighbouring	  nodes,	  which	  will	  aid	  the	  convergence	  of	  the	  finite	  element	  solution.	  	  However,	  the	  numerical	  convergence	  problems	  return	  when	  the	  strains	  continue	   to	   localise	   as	   failure	   is	   approached	   and	   the	   displacement	   gradients	   rise	   again.	  	  Computational	  resources	  permitting,	  with	  continued	  mesh	  refinement	  to	  reduce	  these	  gradients	  the	   shear	  band	   thickness	   can	  continue	   to	   shrink	  until	   it	   is	  below	  realistic	  physical	   shear	  zone	  widths	  (Galavi	  &	  Schweiger,	  2010).	  	  	  	  Although	  current	  computational	  resources	  will	  be	  unlikely	  to	  permit	  this	  level	  of	  resolution	  for	  a	  boundary	   value	   problem,	   e.g.	   a	   10m	   cutting	   slope,	   an	   element	   test	   to	   confirm	   soil	   properties	  could	   use	   a	   high	   resolution	   mesh	   that	   creates	   an	   excessively	   thin	   shear	   band	   with	   large	  gradients	   of	   displacements	   and	   associated	   numerical	   convergence	   problems.	   	   To	   avoid	  exacerbated	  localisation,	  a	  strain	  softening	  model	  will	  often	  incorporate	  an	  internal	  length	  scale,	  which	   prevents	   strains	   from	   over	   localisation	   and	   communicates	   the	   influence	   of	   the	  microstructure	   of	   the	   soil	   to	   the	   model	   (Galavi	   &	   Schweiger,	   2010;	   Lu	   et	   al.,	   2009).	   	   	   If	   the	  internal	   length	   scale,	   and	   the	   size	   of	   its	   associated	   deformation	   zone,	   specified	   for	   a	   strain	  softening	  model	  are	  above	   the	   resolution	   level	  of	   the	  mesh,	   i.e.	   greater	   than	   the	  element	   size,	  then	  a	  continuum	  description	  of	   the	  material	  will	  be	  an	  adequate	  approximation.	   	  However,	   if	  the	  deformation	   field	   is	   expected	   to	  have	   important	  behaviour	  below	   the	   resolution	   level,	   the	  model	  needs	   to	  be	  enriched	   to	   capture	   the	   real	  processes	  more	  adequately	   (Bažant	  &	   Jirásek,	  2002).	  	  The	  resolution	  level	  of	  a	  10m	  cutting	  analysis	  with	  2m	  or	  1m	  elements	  will	  require	  this	  enrichment.	   	   Ideally	   the	   strain	   softening	   model	   will	   be	   applicable	   to	   both	   element	   tests	   and	  boundary	  value	  problems.	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Instead	   of	   increasing	   the	   explicit	   resolution	   level	   with	   mesh	   refinement,	   it	   is	   often	   more	  effective	   to	   use	   an	   enriched	   continuum	   method	   or	   regularisation	   technique	   to	   address	   the	  problem	   of	   localisation	   of	   deformation	   both	   analytically	   and	   numerically	   (Bažant	   &	   Jirásek,	  2002;	  Di	  Prisco	  et	  al.,	  2002).	   	  The	  numerical	  convergence	  issues	  arise	  when	  modelling	  a	  strain	  softening	  material	  because	  the	   inclusion	  of	  a	  strain	  related	  soil	  property	  causes	  the	  governing	  partial	  differential	  equations	  for	  a	  static	  analysis	  to	  change	  from	  elliptic,	  where	  all	  points	  in	  the	  domain	  are	  subject	  to	  a	  change	  at	  once,	  to	  hyperbolic,	  where	  the	  changes	  are	  applied	  following	  a	  specified	   condition.	   	   This	   causes	   an	   ill	   posed	   boundary	   value	   problem	   (Galavi	   &	   Schweiger,	  2010;	  Lu	  et	  al.,	  2009).	  	  	  Enrichment	   techniques	   to	   regularise	   strain	   softening	   analyses	   can	   be	   split	   into	   three	   main	  categories;	  Cosserat	  theories,	  gradient	  theories	  and	  nonlocal	  approaches.	  Cosserat	  theories	  use	  additional	   degrees	   of	   freedom	   (usually	   rotation)	   to	   characterise	   the	   motion	   of	   a	   solid	   body.	  	  These	   additional	   fields	   are	   independent	   of	   the	  displacement	   field	   and	  provide	   supplementary	  information	  on	  the	  microstructure	  kinematics	  (Bažant	  &	  Jirásek,	  2002).	   	  The	  gradient	  theories	  retain	  the	  displacement	  field	  as	  the	  only	  independent	  kinematic	  field,	  but	  include	  a	  higher	  order	  gradient	   in	   the	   constitutive	  equations.	   	  This	   allows	   the	   incorporation	  of	   gradients	  of	   strain	   to	  regularise	   the	  strain	  softening	  behaviour	   (Bažant	  &	   Jirásek,	  2002;	  Di	  Prisco	  et	  al.,	  2002).	   	  The	  rate	   of	   material	   strain	   softening	  must	   still	   remain	   at	   a	   low	   level	   for	   the	   added	   higher	   order	  gradient	   for	   the	   solution	   to	   work.	   	   This	   requires	   a	   finer	   mesh	   discretisation	   (Vardoulakis	   &	  Sulem,	   1995).	   	   The	   use	   of	   higher	   order	   equations	   also	   increases	   the	   numerical	   cost	   of	   the	  analyses	   (Potts	   &	   Zdravković,	   1999)	   and	   would	   be	   an	   ideal	   option	   if	   its	   numerical	  implementation	  were	  not	  so	  awkward	  (Vermeer	  &	  Brinkgreve,	  1994).	   	  The	  application	  of	  both	  these	   methods	   to	   the	   existing	   ICFEP	   code	   would	   involve	   editing	   fundamental	   equations,	  processes	  and	  boundary	  conditions.	  A	   balance	   must	   be	   struck	   between	   the	   regularisation	   benefits	   of	   the	   method,	   the	   ease	   of	  implementation	   in	   the	   existing	   code	   and	   the	   increased	   numerical	   cost	   of	   the	   model.	   	   The	  nonlocal	   category	   offers	   the	   best	   balance	   of	   the	   three	   categories.	   	   The	   nonlocal	   category	   of	  models	  adopts	  the	  theory	  that	  as	  microstructure	  evolves	  at	  one	  point,	  it	  naturally	  influences	  the	  surrounding	   points	   (Di	   Prisco	   et	   al.,	   2002).	   	   Nonlocal	   models	   do	   not	   alter	   the	   fundamental	  equations	  but	   introduce	   the	   calculation	  of	   strain	   as	   a	  nonlocal	   variable	  by	   spatially	   averaging	  the	   local	   variables	   (Lu	   et	   al.,	   2009).	   	   This	  makes	   it	  more	   straightforward	   to	   implement	   in	   an	  existing	  finite	  element	  code.	  	  Although	  it	  will	  increase	  the	  numerical	  cost	  of	  analyses	  compared	  to	   the	   existing	   local	   models,	   in	   comparison	   with	   the	   Cosserat	   and	   gradient	   methods,	   the	  nonlocal	   model	   is	   more	   numerically	   efficient	   (Vermeer	   &	   Brinkgreve,	   1994).	   	   The	   nonlocal	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method	  has	  been	  implemented	  in	  ICFEP	  and	  the	  validation	  and	  use	  of	  this	  approach	  in	  element	  tests	  and	  boundary	  value	  problems	  will	  be	  the	  topics	  of	  the	  subsequent	  chapters.	  	  
 Summary	  3.7.Prior	   to	   investigating	   the	   interaction	   of	   stabilisation	   piles	   in	   a	   stiff	   clay	   excavated	   slope,	   the	  chosen	   finite	   element	   program,	   ICFEP,	   should	   demonstrate	   a	   realistic	   simulation	   of	   the	  mechanisms	   leading	   to	   progressive	   failure	   of	   the	   slope	   without	   a	   pile.	   	   ICFEP	   provides	  appropriate	  models	  to	  simulate	  stiff	  clay	  behaviour	  in	  terms	  of	  strength,	  stiffness,	  permeability,	  initial	  stresses,	  consolidation	  and	  strain	  softening.	   	   	  Analyses	  with	  constant	  soil	  strength	  (non-­‐softening)	   developed	   delayed	   failure	   in	   response	   to	   dissipation	   of	   the	   excess	   pore	   water	  pressures	   and	   the	   results	   compared	   well	   to	   analyses	   performed	   in	   previous	   investigations	  (Kovacevic,	  1994).	  	  Reproducing	  the	  strain	  softening	  slope	  analyses	  by	  the	  same	  author	  proved	  more	  difficult.	   	  This	  was	  found	  to	  be	  due	  to	  the	  difference	  in	  the	  convergence	  criteria	  specified	  for	  the	  two	  investigations.	  	  	  It	  also	  suggests	  that	  inclusion	  of	  strain	  softening	  soil	  properties	  with	  a	  local	  strain	  softening	  model	  makes	  the	  analysis	  more	  problematic	  to	  reproduce.	  New	  mesh	  layouts	  were	  designed	  to	  include	  vertical	  stabilisation	  piles	  within	  the	  cutting	  slope.	  	  	  	  The	   piles	   can	   be	   represented	   using	   zero	   thickness	   beam	   elements	   or	   solid	   elements	   with	  interface	  elements.	  	  The	  new	  mesh	  designs	  necessitate	  the	  use	  of	  a	  new	  permeability	  profile	  and	  an	   appropriate	   profile	   for	   London	   Clay	   in	   the	   London	   area	   was	   chosen.	   	   Preliminary	   slope	  stability	   analyses,	   without	   piles,	   employing	   the	   new	   meshes	   and	   permeability	   profile	   were	  performed.	   	   These	   analyses	   provided	   evidence	   that	   both	   the	   percentage	   strain	   and	   local	  displacement	  strain	  softening	  models	  demonstrated	  mesh	  dependency	   in	   terms	  of	   the	   time	   to	  failure	  and	   the	  movement	  of	   the	  slope.	   	  Analyses	  with	  constant	  strength,	  which	  employed	   the	  new	  meshes,	  were	  found	  to	  have	  low	  mesh	  dependency.	   	  The	  mesh	  dependence	  was	  therefore	  due	   to	   the	   strain	   softening	  models	   employed.	   	   Low	  mesh	   dependence	   is	   important	   for	   slope	  analyses	  with	  stabilisation	  piles,	  as	  there	  is	   likely	  to	  be	  a	  variation	  in	  element	  sizes	  within	  the	  mesh.	  	  There	  should	  also	  be	  confidence	  in	  the	  location	  of	  the	  critical	  and	  potential	  slip	  surfaces	  to	  allow	  for	  an	  assessment	  of	  the	  interaction	  of	  piles	  within	  the	  slope.	  A	  new	  strain	  softening	  method	  with	  lower	  mesh	  dependence	  is	  therefore	  required	  for	  slope	  and	  slope	  with	   pile	   analyses.	   	   The	   potential	   options	   are	   gradient,	   Cosserat,	   mesh	   refinement	   and	  nonlocal	   strain	   softening.	   	   From	   a	   qualitative	   assessment	   of	   the	   options,	   the	   nonlocal	   strain	  softening	  was	  found	  to	  be	  the	  most	  numerically	  efficient	  and	  easiest	  to	  implement	  in	  the	  ICFEP	  code.	  	  A	  more	  in	  depth	  review	  and	  investigation	  of	  this	  method	  and	  its	  implementation	  into	  the	  program	  are	  discussed	  in	  subsequent	  chapters.	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Chapter	  4. Nonlocal	  Strain	  Softening	  Models	  	  
 Introduction	  4.1.The	  existing	  strain	  softening	  methods	  available	   in	   ICFEP	  have	  exhibited	  mesh	  dependency	   for	  the	  stiff	  clay	  cutting	  analyses	  presented	  in	  Chapter	  3.	  It	  is	  therefore	  necessary	  to	  implement	  and	  test	   a	   new	   strain	   softening	   method	   with	   lower	   mesh	   dependence,	   before	   analyses	   to	   model	  stabilisation	   piles	   in	   a	   stiff	   clay	   cutting	   are	   performed.	   	   The	   nonlocal	   model	   is	   the	   selected	  method	   to	   reduce	  mesh	   dependence	   of	   the	   finite	   element	   results.	   	   It	   was	   chosen	   over	   other	  options	  because	  of	  the	  comparative	  ease	  of	  implementation	  into	  an	  existing	  finite	  element	  code.	  	  The	   nonlocal	  model	  will	   be	   explored	   in	  more	   depth	   in	   this	   chapter.	   	   A	   review	  of	   the	   existing	  literature	   will	   include	   evidence	   of	   mesh	   independence	   for	   biaxial	   compression	   tests	   on	   soil	  (Jostad	   &	   Grimstad,	   2011;	   Galavi	   &	   Schweiger,	   2010;	   Lu	   et	   al.,	   2009)	   and	   successful	  implementation	  in	  slope	  stability	  problems	  (Conte	  et	  al.,	  2010;	  Troncone,	  2005).	  	  	  The	  original	  nonlocal	  strain	  softening	  formulation	  has	  been	  modified	  to	  improve	  performance.	  	  Two	  modified	  nonlocal	  methods	  (Galavi	  &	  Schweiger,	  2010;	  Vermeer	  &	  Brinkgreve,	  1994)	  and	  the	  original	  nonlocal	  method	  (Bažant	  et	  al.,	  1984;	  Eringen,	  1981)	  have	  been	  implemented	  into	  the	  existing	   finite	  element	  code.	   	  A	  comparison	  of	   the	  three	  methods	  will	  be	  made	   in	  terms	  of	  their	  formulation	  and	  with	  analyses	  of	  simple	  shear	  and	  biaxial	  compression.	  	  Analyses	  will	  be	  both	  undrained	   and	  drained	  with	   softening	   of	   Su,	  φ’	   and	   c’	   strength	  parameters	   respectively.	  	  These	  analyses	  seek	  to	  assess	  the	  mesh	  independence	  of	   the	  nonlocal	  model	   in	  comparison	  to	  the	  local	  strain	  softening	  models,	  as	  well	  as	  the	  differences	  between	  the	  three	  nonlocal	  methods.	  	  From	  the	   investigations	  presented	   in	  this	  chapter,	  one	  nonlocal	  method	   is	  selected	   for	   further	  parametric	   analyses	   and	   application	   to	   stiff	   clay	   cutting	   analyses,	   which	   are	   presented	   in	  Chapter	  5,	  6	  and	  7.	  	  	  
 The	  Nonlocal	  Model	  4.2.The	  numerical	   instability	  and	  mesh	  dependency	  of	   the	   finite	  element	  method	  when	  modelling	  strain	  softening	  soil	  has	  been	  discussed	  by	  many	  authors	  (Galavi	  &	  Schweiger,	  2010;	  Bažant	  &	  Jirásek,	  2002;	  Vermeer	  &	  Brinkgreve,	  1994).	  	  The	  causes	  of	  numerical	  instabilities	  are	  discussed	  in	  Section	  3.4.3	  and	  they	  arise	  for	  local	  unregulated	  methods	  at	  the	  onset	  of	  strain	  softening.	  	  At	  this	  point	  the	  definition	  of	  material	  softening	  for	  a	  local	  strain	  softening	  model	  is	  linked	  to	  the	  current	   strain	   at	   that	   point	   only.	   	   The	   strain	   calculated	   at	   any	   point	   is	   calculated	   from	   the	  displacement	  value	  assigned	   to	   that	  point	   given	   the	   current	  values	  of	   stress	   and	   the	  previous	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history	   of	   deformation	   (Bažant	  &	   Jirásek,	   2002).	   	   The	   calculated	   local	   strain	   is	   related	   to	   the	  surrounding	   strains	   through	   stress	   calculations,	   but	   not	   directly	   influenced	   by	   the	   level	   of	  surrounding	  strains.	  	  This	  can	  lead	  to	  one	  individual	  calculation	  point	  in	  the	  mesh	  experiencing	  high	  strain	  with	  a	  corresponding	  reduction	  in	  strength.	  	  The	  point	  can	  appear	  to	  have	  softened	  excessively	  in	  relation	  to	  the	  surrounding	  points	  (Bažant	  &	  Jirásek,	  2002).	  	  A	  large	  difference	  in	  strain	  between	  neighbouring	  points	  makes	  it	  difficult	  for	  the	  finite	  element	  formulations	  to	  find	  a	  solution	  for	  global	  equilibrium	  causing	  numerical	  convergence	  issues.	  Excessive	   softening	   at	   one	   point	   independently	   of	   the	   surrounding	   points	   can	   then	   link	   the	  direction	  of	  softening	  geometrically	  to	  the	  calculation	  points.	  	  The	  reduction	  in	  strength	  reduces	  the	  load	  and	  stress	  that	  can	  be	  carried	  by	  the	  material	  at	  that	  location	  and	  this	  excess	  load	  and	  stress	  will	  be	  redistributed	  to	   the	  neighbouring	  points	   in	   the	  next	  evaluation	  of	   the	  governing	  equations.	  	  Thereby	  linking	  the	  slip	  surface	  formation	  to	  the	  location	  of	  the	  calculation	  of	  strain,	  this	  creates	  a	  geometric	  link	  between	  material	  softening	  and	  the	  mesh	  (Vermeer	  &	  Brinkgreve,	  1994).	  	  Slip	  surface	  formation	  and	  growth	  can	  align	  to	  the	  degrees	  of	  freedom	  in	  the	  mesh	  and	  the	  softening	  region	  can	  therefore	  become	  concentrated	  between	  two	  displacement	  degrees	  of	  freedom.	   	  Meshes	  with	  different	   size	   elements	   or	   arrangements	   of	   elements	  will	   create	   a	   slip	  surface	  extending	   in	  different	  directions	  and	  with	  different	   thicknesses.	   	  This	  makes	   the	   local	  method	  mesh	  dependent.	  The	   local	   concept	   of	   yielding	   and	   strain	   softening	   does	   not	   reflect	   the	   reality	   of	   slip	   surface	  formation	  and	  growth.	  	  Plastic	  deformation,	  of	  which	  strain	  softening	  is	  one	  form,	  is	  nonlocal	  in	  character.	   	   It	   arises	   from	   the	   accumulation	   of	   dislocations	   and	   plastic	   flow	   from	   their	  movements	  (Eringen,	  1981).	  	  The	  growth	  of	  discontinuities	  or	  slip	  surfaces	  is	  not	  decided	  by	  the	  stress	   and	   strain	   at	   the	   location	   of	   the	   highest	   strain,	   but	   by	   the	   release	   of	   energy	   from	   the	  volume	  surrounding	  that	  point	  (Bažant	  &	  Jirásek,	  2002).	   	  Furthermore,	   in	  a	  continuum	  model,	  such	  as	  the	   finite	  element	  method,	   it	   is	  not	   the	  ultimate	  strain	  value	  at	   the	  centre	  point	  of	   the	  slip	  surface	  that	  is	  calculated,	  but	  the	  average	  strain	  value	  within	  the	  representative	  volume,	  i.e.	  between	   two	  degrees	   of	   freedom	   (Bažant	  &	   Jirásek,	   2002).	   	   The	  heterogeneity	   caused	  by	   slip	  surface	  or	  shear	  bands	  formation	  at	  a	  resolution	  smaller	  than	  the	  distance	  between	  two	  degrees	  of	   freedom	   should	   be	   represented	   by	   an	   appropriate	   value	   and	   gradient	   between	   two	  neighbouring	  values	  (Bažant	  &	  Jirásek,	  2002).	  A	  nonlocal	  method	  provides	  both	  a	  means	  of	   regulating	   strain	   calculations	   to	   avoid	  excessive	  softening	   and	   to	   relate	   strain	   and	   therefore	   strain	   softening	   to	   its	   surrounding	   area.	   	   This	  reduces	   the	   mesh	   dependence	   and	   potential	   numerical	   convergence	   issues	   associated	   with	  strain	  softening	  analyses.	  	  A	  nonlocal	  model	  is	  defined	  as	  a	  model	  with	  an	  averaging	  integral	  and	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characteristic	   or	   defined	   length	   (Bažant	   &	   Jirásek,	   2002).	   	   Nonlocal	   models	   were	   initially	  developed	   to	   simulate	  microstructure	   of	   heterogeneity	   on	   the	   scale	   of	   a	   characteristic	   length.	  	  Then	  the	  model	  was	  recognised	  as	  a	  potential	   localisation	   limiter	   for	  strain	  softening	  material	  analyses	   to	   ensure	   numerical	   convergence	   to	   a	   physically	   meaningful	   situation	   (Bažant	   &	  Jirásek,	   2002).	   	   However,	   the	   applicability	   to	   materials	   with	   very	   thin	   shear	   surfaces	   i.e.	  cohesive	  materials	  with	  no	  dilation	  has	  been	  questioned	  (Galavi	  &	  Schweiger,	  2010).	  	  As	  with	  all	  finite	   element	   analyses,	   the	   results	   should	   be	   reviewed	   to	   ensure	   that	   the	   conclusion	   follows	  expected	  behaviour	  with	  a	  physically	  meaningful	  outcome.	  Galavi	  &	  Schweiger	  (2010)	  recommend	  that	  the	  nonlocal	  method	  should	  not	  be	  used	  to	  model	  clay	  due	  to	  the	  formation	  of	  smooth	  thin	  discontinuities	  in	  this	  material,	  which	  is	  caused	  by	  an	  accumulation	   of	   microfissures	   in	   the	   orientation	   of	   clay	   particles.	   	   The	   nonlocal	   methods	  represent	  the	  slip	  surface	  as	  a	  gradual	  change	  in	  strain.	  	  However,	  slip	  surfaces	  forming	  in	  sand	  also	  create	   thin	  discontinuities.	   	   It	   can	  be	  argued	   that	   if	   the	  employed	   finite	  element	  program	  does	   not	   seek	   to	   reproduce	   the	   exact	   size	   and	   location	   of	   the	   thin	   discontinuity,	   but	   the	  behaviour	  of	  the	  material	  due	  to	  its	  presence,	  then	  the	  finite	  element	  method	  can	  be	  employed.	  	  The	  program	  seeks	  to	  represent	  the	  average	  behaviour	  of	  the	  soil	  below	  the	  scale	  of	  the	  element	  size.	  	  The	  nonlocal	  method	  not	  only	  provides	  a	  regularization	  tool	  for	  strain	  softening,	  but	  also	  a	  means	   of	   representing	   average	   behaviour.	   	   Once	   a	   failure	   surface	   has	   fully	   formed	   and	  movement	  along	  this	  surface	  begins,	  the	  finite	  element	  program	  will	  not	  be	  able	  to	  represent	  the	  bifurcation	   of	   the	  material.	   	   Up	   until	   this	   point,	   the	  material	  will	   be	   realistically	   represented.	  	  With	  a	  stiff	  clay	  slope,	  the	  final	  failure	  will	  be	  brittle.	  	  The	  finite	  element	  simulation	  will	  model	  behaviour	  up	  until	  failure,	  but	  not	  at	  failure	  or	  post	  failure.	  A	  fully	  nonlocal	  model	  will	  treat	  both	  stress	  and	  strain	  as	  nonlocal	  components.	  	  However,	  when	  the	  model	  is	  employed	  as	  a	  regularisation	  tool,	  it	  is	  common	  for	  only	  the	  softening	  component	  to	  be	  nonlocal	  (Galavi	  &	  Schweiger,	  2010).	  	  The	  nonlocal	  strain	  calculated	  is	  used	  to	  evaluate	  the	  degree	  of	  strength	  reduction	  or	  material	  softening	  at	  the	  calculation	  point.	  	  The	  nonlocal	  strain	  is	   a	   hardening	   parameter.	   	   This	   makes	   the	   model	   easier	   to	   implement	   in	   an	   existing	   finite	  element	  code,	  as	  the	  nonlocal	  calculation	  can	  be	  performed	  as	  an	  additional	  calculation	  after	  the	  initial	   local	   strain	   calculation,	   with	   minimal	   modification	   to	   the	   existing	   calculations	   or	  governing	  equations.	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4.2.1. Original	  Method	  The	   formulation	   for	   a	   three-­‐dimensional	   partially	   nonlocal	   strain	   model	   is	   presented	   in	  Equation	  (4.1).	   	  This	  was	  proposed	  by	  Eringin	  (1981)	  for	  strain	  hardening	  applications	  and	  by	  Bažant	  et	  al.	  (1984)	  as	  a	  strain	  softening	  damage	  model.	  	  	  
𝜀!∗ 𝑥! = 1𝑉! 𝜔 𝑥!! 𝜀! 𝑥!! 𝑑𝑥!!𝑑𝑥!!𝑑𝑥!! 	   (4.1)	  	  Where	  εp	  is	  the	  plastic	  deviatoric	  accumulated	  strain.	  	  The	  *	  denotes	  the	  nonlocal	  parameter.	  	  xn	  is	  the	  point	  at	  which	  the	  calculation	  of	  the	  nonlocal	  strain	  εp*	  is	  required,	  whereas	  xn’	  refers	  to	  all	  the	   surrounding	   locations,	   i.e.	   the	   location	   of	   reference	   strain.	   	   This	  means	   that	   εp(xn’)	  	   is	   the	  reference	  strain	  at	   the	  reference	   location.	   	  The	  weighting	   function	  ω(xn’)	   is	  defined	   for	  all	   the	  reference	  locations,	  but	  centred	  at	  the	  location	  xn.	  	  The	  equation	  of	  the	  weighting	  function	  is	  the	  Gaussian	  or	  normal	  distribution	  shown	  in	  Equation	  (4.2)	  and	  Figure	  4.1(a).	  	  This	  introduces	  an	  additional	   parameter,	   DL,	   the	   defined	   length.	   	   The	   chosen	   value	   for	   this	   parameter	   will	   be	  discussed	  in	  more	  depth	  in	  Section	  4.2.4.	  	  	  
𝜔 𝑥!! = 1𝐷𝐿 𝜋   𝑒𝑥𝑝 − 𝑥!! − 𝑥! ! 𝑥!! − 𝑥!𝐷𝐿! 	   (4.2)	  	  The	  weighting	  function	  is	  chosen	  such	  that	  it	  will	  not	  alter	  a	  uniform	  field	  of	  strain.	  	  Therefore,	  the	  normalizing	  condition	  of	   the	  weighting	   function	   is	   that	   the	   integral	  of	  ω(xn’)	   is	  equal	   to	  1.	  	  This	   is	   true	   for	   the	  Gaussian	  distribution.	   	  The	   integral	   of	   the	  weighting	   function	   in	   the	   three	  dimensions:	  x1,	  x2	  and	  x3,	   is	  referred	  to	  as	  the	  reference	  volume,	  Vω.	   	  This	  is	  used	  to	  normalise	  the	   calculation	   of	   the	   nonlocal	   strain,	   and	   therefore	   accounts	   for	   the	   smaller	   volume	   around	  calculation	   points	   in	   the	   vicinity	   of	   boundaries	   of	   the	  mesh	   or	   elements	  made	   of	   other	   non-­‐softening	  materials.	  
𝑉! = 𝜔 𝑥!! 𝑑𝑥!!𝑑𝑥!!𝑑𝑥!! 	   (4.3)	  	  This	   original	   method	   has	   been	   shown	   to	   have	   low	   mesh	   dependency	   for	   strain	   softening	  analyses	   (Jostad	   &	   Grimstad,	   2011).	   	   However,	   the	   softening	   of	   the	   material	   still	   occurs	  dominantly	   at	   the	   centre	  point	  of	   the	   slip	   surface.	  This	   is	   the	   location	  at	  which	   the	  weighting	  function	  has	  its	  maximum	  and	  therefore	  it	  coincides	  with	  the	  greatest	  contribution	  of	  strain	  to	  the	  nonlocal	  equation(Jostad	  &	  Grimstad,	  2011;	  Vermeer	  &	  Brinkgreve,	  1994).	  	  The	  cumulative	  effect	   of	   the	   contribution	   of	   this	   strain	   could	   still	   potentially	   lead	   to	   excessive	   softening	   and	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furthermore	  the	  spread	  of	  the	  slip	  surface	  is	  constrained.	  Modifications	  have	  been	  made	  to	  this	  original	  method	  to	  address	  the	  central	  high	  concentration	  of	  strain.	  	  The	  formulations	  of	  two	  of	  these	  modified	  methods	  are	  presented	  below	   in	  Sections	  4.2.3	  and	  4.2.2.	   	  The	  application	  and	  evaluation	  of	  these	  methods	  will	  be	  discussed	  in	  Sections	  4.2.4	  and	  4.2.5.	  	  
4.2.2. G&S	  Method	  This	  modified	  method	  was	  proposed	  by	  Galavi	  &	  Schweiger	  (2010)	  and	  will	  be	  referred	  to	  as	  the	  G&S	  method.	   	   It	  uses	   the	   justification	   that	   it	   is	   the	  areas	  directly	   surrounding	   the	   slip	   surface	  that	  influence	  its	  formation	  and	  not	  the	  concentrated	  strain	  at	  the	  centre	  of	  the	  slip	  surface.	  	  The	  modified	  weighting	  function	  shown	  in	  Figure	  4.1(a)	  and	  described	  by	  Equation	  (4.4),	  limits	  the	  concentration	   of	   strains	   at	   the	   centre	   to	   regulate	   slip	   surface	   development.	   	   The	   greatest	  contributions	  of	  strains	  to	  the	  nonlocal	  calculation	  now	  lay	  a	  little	  to	  each	  side	  of	  the	  calculation	  point,	  as	  shown	  in	  Figure	  4.1(a)	  and	  the	  contribution	  of	  strain	  at	   the	  calculation	  point	   is	  zero.	  	  This	  method	  does	  not	  introduce	  any	  new	  parameters.	  	  The	  integral	  of	  the	  weighting	  function	  is	  still	   equal	   to	   one	   and	   therefore	   the	   condition	   of	   zero	   alteration	   of	   a	   uniform	   field	   is	   again	  satisfied.	  
𝜔 𝑥!! = 𝑥!! − 𝑥! ! 𝑥!! − 𝑥!𝐷𝐿!   𝑒𝑥𝑝 − 𝑥!! − 𝑥! ! 𝑥!! − 𝑥!𝐷𝐿! 	   (4.4)	  	  
4.2.3. Over-­‐nonlocal	  Method	  In	   this	  method	  proposed	  by	  Vermeer	  &	  Brinkgreve	   (1994),	   the	  nonlocal	   strain	   formulation	   is	  altered,	  Equation	  (4.5),	  to	  prevent	  the	  formation	  of	  a	  concentrated	  peak	  and	  instead	  provide	  a	  more	  uniform	  value	  of	  strain	  across	  the	  slip	  surface.	   	  This	   introduces	  a	  new	  parameter,	  α	  also	  called	   the	   alpha	  parameter.	   	   This	   alpha	  parameter	   is	   used	   to	  provide	   a	   contribution	   from	   the	  local	  strain	  at	  the	  point	  of	  calculation	  and	  increase	  the	  nonlocal	  contribution	  to	  the	  calculation	  of	  nonlocal	  strain.	   	  The	  influence	  of	  α	  will	  be	  further	  demonstrated	  in	  Section	  4.2.4	  and	  Figure	  4.4.	   	  As	  can	  be	  seen	  with	  reference	  to	  Equation	  (4.5),	  when	  α	  is	  greater	  than	  1,	  the	  local	  strain	  contribution	  is	  negative.	  	  This	  significantly	  reduces	  the	  value	  of	  nonlocal	  strains	  calculated	  over	  the	   areas	  where	   local	   strain	   is	   high	   and	   increases	   the	   nonlocal	   strain	   value	   calculated	   in	   the	  areas	  immediately	  adjacent	  to	  the	  local	  strain	  distribution.	  	  If	  α	  	  =	  1.0	  the	  formula	  reverts	  to	  the	  original	   nonlocal	   formulation.	   	   If	   α	   is	   less	   than	   1.0,	   the	   local	   strain	   part	   of	   the	   equation	  contributes	   by	   increasing	   the	   nonlocal	   strain	   to	   be	   greater	   than	   the	   local	   strain,	   which	  contradicts	   the	   aims	   of	   the	   formulation.	   	   The	   alpha	   parameter,	   α,	   must	   therefore	   always	   be	  greater	  than	  1.0	  (Vermeer	  &	  Brinkgreve,	  1994).	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𝜀!∗ 𝑥! = 1 − 𝛼 𝜀! 𝑥! + 𝛼𝑉 𝜔 𝑥!! 𝜀! 𝑥!! 𝑑𝑥!!𝑑𝑥!!𝑑𝑥!! 	   (4.5)	  The	   result	   for	   the	   over-­‐nonlocal	   formulation	   is	   compared	   to	   the	   other	   two	   nonlocal	   strain	  formulations	  in	  Figure	  4.1(b).	  	  The	  data	  presented	  in	  this	  figure	  has	  been	  numerically	  analysed	  with	   the	   free	   software	   package	   GNU	   Octave	   (Octave	   Community,	   2013),	   which	   is	   also	  compatible	   with	   MATLAB.	   	   An	   input	   of	   local	   strain	   is	   required	   to	   calculate	   strain	   using	   the	  nonlocal	   formulae,	  Equations	  (4.1)	  to	  (4.5).	   	  These	  results	  do	  not	  consider	  the	  effects	  of	  strain	  softening.	   	   They	   simply	   provide	   a	  method	   to	   better	   comprehend	   the	   nonlocal	   equations	   and	  their	  differences.	  	  For	  the	  results	  presented	  in	  this	  section	  a	  local	  strain	  of	  1.0	  over	  0.5	  units	  of	  distance	  is	  applied	  across	  the	  calculation	  point,	  i.e.	  from	  -­‐0.25	  to	  0.25,	  as	  shown	  in	  Figure	  4.1(b).	  	  A	  defined	   length	  parameter,	  DL	  of	   1.0	   is	   specified	   and	  an	   alpha	  of	   1.5	   is	   chosen	   for	   the	  over-­‐nonlocal	  method.	   	  For	  the	  over-­‐nonlocal	  method,	  α	   is	  greater	   than	  1	  and	  therefore	  the	  central	  part	  of	  the	  strain	  distribution	  is	  negative.	  	  The	  negative	  portion	  of	  the	  graph	  corresponds	  to	  the	  area	   of	   local	   strain	   input	   to	   calculate	   the	   nonlocal	   strain.	   	   It	   is	   attributed	   to	   the	   first	   part	   of	  Equation	   (4.5),	   which	   calculates	   the	   negative	   contribution	   of	   the	   local	   strain	   to	   the	   nonlocal	  strain	   calculation.	   	   The	   results	   show	   that	   in	   comparison	   to	   the	   original	   method,	   both	   the	  modified	  methods	   increase	   the	  nonlocal	   strain	   calculated	  outside	   the	   local	   strain	   zone,	  whilst	  decreasing	  the	  nonlocal	  strain	  within	  the	  local	  strain	  zone.	  	  
	  
Figure	  4.1	  Graphical	   representation	  of	   the	  differences	  between	   the	   three	  nonlocal	  methods	   in	   terms	  of	   (a)	  
weighting	  function	  and	  (b)	  calculated	  nonlocal	  plastic	  strain	  from	  a	  local	  input	  of	  1.0	  strain	  over	  0.5	  unit	  of	  

















































Distance	  from	  calculation	  point	  
(b)	  
Local	  Original	  G&S	  Over-­‐nonlocal	  
	  	   171	  
	  
Figure	  4.2	  The	  effect	  of	  varying	  DL	  on	  the	  weighting	  function	  for	  (a)	  the	  Gaussian	  distribution	  (b)	  the	  G&S	  
distribution.	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of	   the	   curve.	   	   If	   DL	   is	   increased,	   the	   height	   of	   the	   curve	   must	   reduce	   to	   maintain	   the	   set	  percentage	  of	  the	  integral	  within	  one	  standard	  deviation	  of	  the	  centroid,	  Figure	  4.2(a).	  	  The	  G&S	  distribution	   is	   a	   variation	  of	   the	  normal	  distribution	  and	   is	   affected	   in	   the	   same	  manner	  by	  a	  variation	  in	  DL	  with	  a	  more	  squatted	  graph,	  Figure	  4.2	  (b).	  A	   change	   in	   the	  weighting	   function	  has	   a	   large	   impact	   on	   the	   calculated	  nonlocal	   strain.	   	   The	  total	  input	  of	  local	  strain	  to	  calculate	  the	  nonlocal	  strain	  is	  0.5	  distance	  x	  1.0	  strain	  =	  0.5	  strain,	  therefore	   the	   values	   of	   strain	   for	   the	   Gaussian	   distribution,	   Figure	   4.3(a),	   and	   the	   G&S	  distribution,	  Figure	  4.3(b)	  are	  around	  half	  the	  weighting	  function	  contribution	  values	  presented	  in	  Figure	  4.2.	  	  The	  over-­‐nonlocal	  strain	  calculations	  follow	  the	  same	  pattern	  for	  the	  arms	  of	  the	  strain	  distribution.	  	  With	  an	  increase	  in	  DL,	  the	  strain	  distribution	  becomes	  wider	  and	  lower,	  as	  shown	   in	  Figure	  4.3(c).	   	  The	  central	  part	  of	   the	  over-­‐nonlocal	   strain	  distribution	  also	   reduces	  and	   becomes	   more	   negative	   with	   an	   increase	   in	   DL.	   	   The	   central	   portion	   of	   the	   strain	  distribution,	  which	  occurs	  over	  the	  same	  area	  as	  the	  local	  strain,	  is	  attributed	  to	  the	  first	  part	  of	  Equation	  (4.5),	  which	  calculates	  the	  negative	  contribution	  of	   local	  strain	  to	  the	  nonlocal	  strain	  calculation.	   	  The	  DL	  parameter	  does	  not	  directly	  influence	  the	  result	  of	  the	  first	  portion	  of	  this	  equation.	  	  The	  reductions	  in	  strain	  for	  this	  area	  are	  solely	  due	  to	  the	  reduction	  in	  height	  of	  the	  weighting	   function	   due	   to	   the	   DL	   increase,	   and	   a	   corresponding	   smaller	   contribution	   of	   the	  second	  nonlocal	  half	  of	  Equation	  (4.5).	  The	   nonlocal	   strain	   calculation	   reduces	   the	   softening	   rate	   of	   a	   strain	   softening	   material	   by	  spreading	  the	  distribution	  of	  strain	  and	  reducing	  the	  highest	  strain.	  	  As	  DL	  increases,	  the	  change	  in	  weighting	  function	  shape	  causes	  the	  increased	  spread	  of	  strain	  and	  a	  greater	  reduction	  of	  the	  highest	   strain	   concentration.	   	   The	   specified	   value	   of	   DL	   should	   therefore	   be	   chosen	   whilst	  considering	   the	   influence	   on	   softening	   rate.	   	   This	   parameter	   will	   be	   specific	   to	   the	   material	  being	  modelled,	  but	  it	   is	  not	  a	  value	  that	  can	  be	  directly	  measured.	   	   It	   is	   indirectly	  inferred	  by	  inverse	  analysis	  of	  test	  results	  (Bažant	  &	  Jirásek,	  2002).	  	  This	  is	  the	  reason	  for	  DL	  being	  named	  a	  characteristic	   or	   defined	   length	   rather	   than	   the	   intrinsic	   material	   length.	   	   The	   DL	   is	   used	   to	  define	  the	  extent	  of	  averaging	  of	  strain	  between	  degrees	  of	  freedom	  in	  a	  finite	  element	  analysis	  and	  the	  redistribution	  of	  strain	  to	  regulate	  softening.	  	  It	  is	  therefore	  not	  necessarily	  the	  same	  as	  the	  width	   of	   the	   slip	   surface.	   	   The	  width	   of	   the	   distribution	   for	   a	   given	  DL	   should	   produce	   a	  strain	  distribution	  that	  is	  realistic	  in	  comparison	  to	  the	  width	  of	  a	  shear	  zone	  surrounding	  a	  slip	  surface.	   	   However,	   the	   corresponding	   reduction	   in	   strain	   concentration	   for	   this	  width	   should	  produce	   a	   realistic	   softening	   rate.	   	   The	   choice	   of	   DL	   is	   therefore	   a	   compromise	   between	   an	  appropriated	  shear	  zone	  width	  and	  softening	  rate.	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The	  effects	  of	  DL	  on	  strain	  softening	  analyses	  will	  not	  be	  explored	   in	   this	  Chapter.	   	  The	  same	  value	  of	  DL	  is	  employed	  for	  each	  type	  of	  analysis	  presented	  in	  this	  chapter.	  	  DL=1.0m	  for	  simple	  shear	   and	   DL=0.1m	   for	   biaxial	   compression	   analyses.	   	   These	   chosen	   DL	   values	   are	   the	   same	  length	  as	  the	  largest	  element	  size	  for	  the	  mesh	  with	  the	  largest	  elements	  employed	  in	  each	  type	  of	   analyses.	   	   In	   the	   biaxial	   compression	   analyses	   this	   allows	   for	   at	   least	   the	   surrounding	  elements	  to	  have	  an	  influence	  on	  the	  calculation	  of	  nonlocal	  strain	  at	  that	  point	  for	  all	  meshes	  employed.	   	   A	   single	   value	   for	   each	   type	   of	   analysis	   is	   considered	   appropriate,	   as	   this	   chapter	  seeks	  to	  differentiate	  between	  the	  three	  nonlocal	  methods.	   	  With	  the	  same	  value	  employed	  for	  DL,	   the	   strain	   calculated	   varies	   depending	  on	   the	  nonlocal	  methods	  used,	   as	   shown	   in	   Figure	  4.3(d).	  	  Therefore	  the	  relationship	  between	  DL	  and	  the	  softening	  rate	  and	  strain	  distribution	  can	  be	   expected	   to	   vary	   for	   each	   method.	   	   An	   investigation	   into	   the	   influence	   of	   DL	   in	   biaxial	  compression	  analyses	  and	  an	  appropriate	  choice	  of	  value	   for	  stiff	  clay	  cutting	  analyses	  will	  be	  discussed	  in	  Sections	  5.2.2	  and	  5.3.4	  respectively.	  The	  radius	  of	  influence,	  RI	  is	  an	  optional	  parameter	  that	  is	  not	  required	  for	  a	  nonlocal	  analysis,	  but	  can	  greatly	  reduce	  the	  computational	   time	  of	   the	  analysis.	   It	   is	  used	  to	   limit	   the	  reference	  strains	   used	   in	   the	   nonlocal	   strain	   calculations	   to	   a	   defined	   area	   or	   volume	   surrounding	   the	  calculation	  point.	  	  The	  contribution	  of	  the	  plastic	  strains	  at	  other	  integration	  points	  depends	  on	  their	  distance	   from	  the	   integration	  point	  at	  which	   the	  nonlocal	   strain	   is	  being	  evaluated.	   	  The	  weighting	   function,	   Gaussian	   or	   G&S,	   is	   used	   to	   evaluate	   this	   contribution.	   	   These	   equations,	  (4.2)	   and	   (4.4),	   are	   both	   an	   exponential	   function,	   based	   on	   the	   distance	   from	   the	   calculation	  point.	   	   The	   contribution	   of	   strain	   therefore	   diminishes	   rapidly	   as	   the	   distance	   from	   the	  calculation	  point	  increases.	  	  Consequently,	  the	  use	  of	  all	  integration	  points	  in	  the	  finite	  element	  mesh	  can	  be	  numerically	   inefficient	  and	  cause	  excessive	  run	  times	  for	  analyses.	   	  The	  radius	  of	  influence	   is	   specified	   to	   overcome	   this	   potential	   inefficiency	   and	   reduce	   the	   time	   to	   perform	  analyses.	  	  	  The	   radius	   of	   influence	   technique	   has	   been	   employed	   in	   previous	   nonlocal	   investigations	  (Jostad	   &	   Grimstad,	   2011;	   Lu	   et	   al.,	   2009).	   	   Jostad	   &	   Grimstad	   (2011)	   specified	   a	   radius	   of	  influence	  of	   three	  multiples	  of	   the	  defined	   length	   for	   shear	   and	  biaxial	   compression	  analyses,	  whereas	  the	  biaxial	  compression	  analyses	  presented	  by	  Lu	  et	  al.	  (2009)	  employed	  a	  RI	  six	  times	  the	   size	   of	   the	   DL.	   	   Only	   stress	   points	  within	   a	   2	   times	   DL	   radius	   are	   taken	   into	   account	   for	  analyses	  presented	  by	  Schädlich	  (2012).	  	  For	  the	  analyses	  presented	  in	  this	  chapter,	  no	  radius	  of	  influence	   is	   specified	   for	   the	   simple	   shear	   analyses	   and	   a	   RI	   equal	   to	   0.4m,	   which	   is	   four	  multiples	  of	  DL	  is	  specified	  for	  the	  biaxial	  compression	  analyses.	  	  The	  time	  saving	  and	  accuracy	  of	  results	  when	  employing	  a	  RI	  parameter	  are	  discussed	  further	  in	  Sections	  5.2.1	  and	  5.3.5.	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Figure	  4.3	  The	  effect	  of	  DL	  on	  the	  calculation	  of	  nonlocal	  strain	  using	  the	  nonlocal	   formulation	  with	  a	   local	  
strain	  input	  (a)	  Original	  method	  (b)	  G&S	  method	  (c)	  Over-­‐nonlocal	  method	  with	  α=1.5,	  for	  1	  iteration.	  (d)	  All	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The	   alpha	   parameter,	   α	   is	   only	   specified	   for	   the	   over-­‐nonlocal	   formulation.	   	   The	   effect	   of	   the	  value	  of	  the	  α	  employed	  on	  the	  strain	  distribution	  is	  presented	  in	  Figure	  4.4.	  	  The	  over-­‐nonlocal	  strain	  results	  presented	  in	  Figure	  4.1(b)	  and	  Figure	  4.3	  have	  used	  α	  =	  1.5.	  	  The	  values	  presented	  in	   Figure	   4.4	   range	   from	   α	   =	   1.25	   to	   α	   =	   2.25	   at	   0.25	   intervals.	   	   As	   the	   alpha	   parameter	   α	  increases,	   the	   calculated	   nonlocal	   strain	   distribution	   changes	   in	   two	   ways.	   	   The	   peak	   strain	  values	  increase	  for	  an	  increase	  in	  α.	  	  The	  second	  difference	  affects	  the	  nonlocal	  strain	  value	  for	  the	  section	  over	  the	  width	  of	  the	  local	  strain	  input.	  	  This	  value	  decreases	  with	  increasing	  α	  and	  gives	   a	   negative	   central	   strain	  when	   α	   is	   above	   a	   certain	   value	   depending	   on	   the	   local	   strain	  input,	  in	  this	  case	  for	  analyses	  with	  an	  α	  greater	  than	  or	  equal	  to	  1.5.	  The	  widths	  of	  the	  strain	  distributions	  for	  various	  α	  are	  very	  similar	  at	  zero	  strain,	  Figure	  4.4(a).	  	  This	  refutes	  the	  conclusion	  by	  Vermeer	  and	  Brinkgreve	  (1994)	  that	  for	  a	  given	  defined	  length,	  DL	   an	   increase	   in	   α	   will	   increase	   the	   shear	   band	   thickness.	   	   The	   results	   in	   Figure	   4.4	   do	  demonstrate	   a	   very	   slight	   increase	   in	  width	  of	   the	   strain	  distribution	  at	  higher	   strains,	  which	  can	  be	  attributed	  to	  the	  increased	  contribution	  of	  the	  second	  nonlocal	  part	  of	  Equation	  (4.5),	  see	  Figure	  4.4(a).	   	  The	  results	  for	  varying	  α	  are	  compared	  to	  the	  original	  and	  G&S	  nonlocal	  results	  from	  Figure	  4.1(b)	   in	  Figure	  4.4(b).	   	  The	  value	  of	  α	  employed	  significantly	  varies	   the	  nonlocal	  strain	   calculated	   a	   short	   distance	   from	   the	   local	   strain	   input	   compared	   to	   the	   nonlocal	   strain	  calculated	  using	  the	  other	  methods.	  	  The	  choice	  of	  α	  is	  therefore	  important	  for	  both	  values	  and	  the	  distribution	  of	  nonlocal	  strain.	  There	   is	  an	  abrupt	  change	   in	  nonlocal	  strain	   for	   the	  distribution	  of	   the	  over-­‐nonlocal	  method,	  which	  becomes	  more	  pronounced	  as	  α	  increases	  due	  to	  a	  higher	  peak	  strain	  and	  lower	  trough.	  	  This	  distribution	  shape	  may	  be	  a	  symptom	  of	  the	  small	  width	  or	  abrupt	  nature	  of	  the	  local	  strain	  distribution	   input	   into	   the	   nonlocal	   calculations	   to	   create	   Figure	   4.4,	   but	   indicates	   that	   the	  choice	   of	   the	   alpha	   parameter	   could	   have	   a	   large	   influence	   on	   the	   nonlocal	   strain	   calculation	  when	   employing	   the	   over-­‐nonlocal	   method.	   	   In	   the	   literature,	   the	   α	   parameter	   has	   not	   been	  chosen	  in	  reference	  to	  any	  physical	  characteristics	  or	  test	  on	  the	  material	  being	  modelled.	  	  It	  is	  simply	  a	  parameter	  to	  control	  strain	  redistribution	  (Vermeer	  &	  Brinkgreve,	  1994).	   	  The	  choice	  and	  effects	  of	  the	  α	  parameter	  are	  explored	  and	  discussed	  in	  more	  detail	  in	  Section	  4.5.4,	  as	  well	  as	  within	  the	  undrained	  and	  drained	  results	  for	  α	  =	  1.5	  and	  α	  =	  2.0	  presented	  in	  Section	  4.5.1	  to	  4.5.3.	  	   	  




Figure	  4.4	  Demonstration	  of	  the	  effect	  of	  α	  on	  the	  calculation	  of	  nonlocal	  plastic	  strain	  for	  an	  input	  of	  local	  
strain	  (1.0	  strain	  over	  0.5	  distance).	  DL=1.0	  was	  employed	  for	  all	  analyses.	  (a)	  Over-­‐nonlocal	  results	  for	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4.2.5. Previous	  Applications	  of	  the	  Nonlocal	  Methods	  The	  nonlocal	  model	  has	  been	  implemented	   in	  several	  numerical	  codes	  as	  a	  regularisation	  tool	  for	  slip	  surface	  or	  fracture	  formation.	  	  Applications	  are	  not	  limited	  to	  strain	  softening	  stiff	  clays	  and	   the	   analyses	   discussed	   below	   include	   work	   for	   other	   clay	   types,	   sand	   and	   metal.	   	   The	  nonlocal	   model,	   including	   the	   original	   and	   modified	   formulations,	   have	   been	   successfully	  applied	   to	   a	   variety	   of	   analysis	   types	   including;	   extension	   element	   tests,	   simple	   shear,	   biaxial	  compression	  and	  boundary	  value	  problems	  such	  as	  slopes.	  	  The	  analyses	  found	  in	  the	  literature	  have	  provided	   information	  and	  advice	   for	   the	   implementation	  and	  application	  of	   the	  nonlocal	  methods	  presented	  in	  this	  chapter.	  	  A	  summary	  of	  this	  information	  is	  provided	  below.	  The	  original	  nonlocal	  method	  was	  assessed	  in	  a	  finite	  difference	  shear	  analysis	  by	  Di	  Prisco	  et	  al.	  (2002)	   and	   compared	   to	   a	   local	   strain	   softening	  method	   and	   a	   gradient	  method	   (see	   Section	  3.6.3).	  	  Boundary	  conditions	  were	  imposed	  to	  create	  an	  oedometrically	  consolidated	  dense	  sand	  sample.	   	   It	   was	   sheared	   by	   imposing	   horizontal	   displacement	   at	   the	   top	   boundary	   and	   zero	  displacements	   at	   the	   base	   of	   the	   sample.	   	   An	   elasto-­‐viscoplastic	   constitutive	  model	  was	  used,	  but	  the	  time	  reliant	  part	  of	  the	  model	  was	  calibrated	  for	  creep	  control	  of	  dense	  sand	  and	  not	  to	  provide	   numerical	   regularisation.	   	   The	   analyses	   were	   performed	   for	   a	   range	   of	   element	  numbers	   and	   spacing	   patterns.	   	   When	   a	   local	   strain	   softening	   elasto-­‐viscoplastic	   model	   was	  employed	  the	  results	  were	  mesh	  dependent.	  	  For	  analyses	  employing	  the	  nonlocal	  and	  gradient	  strain	  softening	  models,	  the	  results	  were	  mesh	  independent	  (Di	  Prisco	  et	  al.,	  2002).	  	  For	  the	  original	  nonlocal	  methods,	  the	  local	  strain	  at	  the	  calculation	  point	  provides	  the	  greatest	  contribution	   to	   the	   nonlocal	   strain	   calculation.	   	   This	   perpetuates	   the	   distribution	   of	   the	   local	  strain	  for	  the	  nonlocal	  strain	  distribution.	  	  The	  peak	  nonlocal	  strain	  is	  calculated	  at	  the	  point	  of	  the	  highest	  input	  of	  local	  strain	  causing	  the	  largest	  strain	  softening	  to	  occur	  at	  a	  point	  and	  not	  over	   a	   wider	   area	   (Vermeer	   &	   Brinkgreve,	   1994).	   	   The	   Gaussian	   distribution	   also	   causes	   a	  continued	   central	   concentration	   of	   strain.	   An	   increase	   in	   nonlocal	   strain	   can	   lead	   to	   a	   loss	   in	  material	  strength,	  which	  further	   increases	  the	  strain	  of	   the	  material	  at	   that	  point.	  Therefore	   it	  can	   be	   reasoned	   that	   a	   large	   value	   for	   strain	   relative	   to	   the	   neighbouring	   points	   will	   have	  increased	   dominance	   for	   the	   nonlocal	   calculations	   at	   that	   point,	   with	   the	   contribution	  accumulated	   with	   each	   successive	   step.	   	   This	   is	   a	   symptom	   of	   the	   choice	   of	   the	   Gaussian	  distribution	   as	   the	   employed	   weighting	   function.	   	   If	   this	   does	   not	   produce	   an	   appropriate	  representation	  of	  the	  nonlocal	  strain	  distribution	  in	  the	  modelled	  problem,	  then	  an	  alternative	  weighting	  distribution	  shape	  should	  be	  sought	  (Vermeer	  &	  Brinkgreve,	  1994).	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Figure	   4.5	  Distribution	   of	   strain	   (a)	   plastic	   strain	   at	   the	   onset	   of	   plasticity	   (b)	   initial	   distribution	   of	   over-­‐
nonlocal	   formulation	  with	  α	  >1	  (c)	  nonlocal	   strain	   from	  original	   formulation	  (d)	   final	  distribution	  of	  over-­‐
nonlocal	  formulation	  with	  α	  >1	  (Vermeer	  &	  Brinkgreve,	  1994)	  	  Results	   for	   the	   original	   nonlocal	   strain	   softening	   method	   employed	   in	   an	   one-­‐dimensional	  analysis	  of	  necking	  in	  a	  tension	  bar	  prompted	  Vermeer	  and	  Brinkgreve	  (1994)	  to	  develop	  a	  new	  modified	   nonlocal	   method	   and	   the	   over-­‐nonlocal	   method	   was	   developed.	   	   For	   an	   alpha	  parameter	   greater	   than	   one,	   the	   over-­‐nonlocal	   formulation	   defines	   a	   negative	   contribution	   of	  the	  local	  strain	  to	  the	  nonlocal	  strain	  calculation	  and	  an	  increase	  in	  the	  weighting	  function	  part	  of	   the	   equation.	   	   The	   expected	   form	   of	   the	   strain	   redistribution	   created	   by	   the	   over-­‐nonlocal	  method	  was	  presented	  in	  two	  figures	  by	  Vermeer	  &	  Brinkgreve	  (1994).	  	  These	  are	  reproduced	  in	  Figure	  4.5,	  where	  εp	  refers	  to	  plastic	  strain,	  ε*	  is	  nonlocal	  plastic	  strain	  and	  x	  is	  distance.	  	  The	  over-­‐nonlocal	   distribution	   Figure	   4.5(b)	   agrees	   with	   the	   results	   as	   presented	   for	   DL=0.5	   in	  Figure	  4.3(c).	   	  The	   local	   strain	   input	   for	   these	   two	  analyses	   is	   similar.	   	  The	   flat	   surface	  of	   the	  final	  distribution	  in	  Figure	  4.5(d)	  has	  not	  yet	  been	  observed	  in	  the	  presented	  analyses.	  	  This	  flat	  surface	   was	   claimed	   as	   the	   reason	   for	   creating	   the	   over-­‐nonlocal	   method	   to	   model	   nonlocal	  strain	  distribution	  for	  necking	  in	  a	  tension	  bar	  (Vermeer	  &	  Brinkgreve,	  1994).	  	  The	  local	  strain	  input	  shown	  in	  Figure	  4.5(d)	  differs	  from	  the	  initial	  distribution	  input	  in	  Figure	  4.5(b)	  and	  from	  the	   previous	   nonlocal	   strain	   distribution	   produced.	   	   It	   may	   be	   that	   this	   shape	   for	   the	   local	  distribution	   results	   in	   the	   final	   flat	   surface	   distribution.	   The	   argument	   for	   the	   effects	   of	   the	  inclusion	   of	   softening	   influencing	   strain	   distribution	   for	   the	   over-­‐nonlocal	   method	   will	   be	  discussed	   in	   reference	   to	   results	   for	   analyses	   with	   softening	   occurring	   on	   a	   slip	   surface,	   as	  presented	  in	  Section	  4.5.	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In	  the	  Vermeer	  and	  Brinkgreve	  (1994)	  analyses	  of	  a	  one	  dimensional	  necking	  of	  a	  steel	  tension	  bar,	  displacements	  were	  prescribed	  at	  each	  end	  of	   the	  100mm	  bar	  and	  the	   tensile	  strength	  of	  the	  most	  central	  Gaussian	   integration	  point	  was	  reduced	  by	  0.1%	  to	  simulate	  an	   imperfection	  and	  initiate	  the	  softening.	  	  A	  range	  of	  meshes	  with	  different	  numbers	  and	  sizes	  of	  elements	  were	  used	  to	  assess	  the	  mesh	  dependence	  of	  the	  method	  for	  two	  sets	  of	  α	  and	  DL	  values:	  α	  =	  2.0	  with	  DL	  =	  8.326mm	  and	  α	  =	  6.763	  with	  DL	  =	  4.0mm.	  	  These	  sets	  were	  chosen	  to	  maintain	  the	  same	  width	  of	   the	  shear	  band	  or	  necking	   for	  a	  given	   local	  plastic	   strain	  distribution	  combined	  with	  the	  over-­‐nonlocal	  equations	  and	  assuming	  constant	  nonlocal	  strain	   in	   the	  shear	  band,	   i.e.	   that	  dεp*/dx	  =	  0.	  	  The	  results	  demonstrated	  the	  mesh	  independence	  of	  the	  over-­‐nonlocal	  method	  for	  this	  test	  format.	  	  	  The	   thickness	   of	   the	   shear	   band	   is	   also	   explored	   in	   an	   undrained	   direct	   simple	   shear	   test	   by	  Jostad	  &	  Grimstad	  (2010)	   for	  a	  strain	  softening	  sensitive	  clay.	  The	   investigation	  compares	  the	  performance	   of	   the	   over-­‐nonlocal	   and	   G&S	   nonlocal	  methods	   using	   a	   finite	   element	   program	  with	  an	  elasto-­‐plastic	  model	  with	  anisotropic	  strain	  hardening	  or	  softening.	  	  A	  one-­‐dimensional	  shear	  column	  100mm	  high	  consisting	  of	  50	  horizontal	  layers	  of	  soft	  sensitive	  clay	  is	  fixed	  at	  the	  base	  and	  a	  horizontal	   shear	   stress	   is	   applied	  at	   the	   top	  of	   the	   column.	   	   Initially	   the	   column	   is	  subjected	   to	   uniform	   deformation	   to	   produce	   a	  material	   shear	   stress-­‐shear	   strain	   curve.	   	   To	  create	  a	  non-­‐uniformity	  and	  initiate	  formation	  of	  a	  shear	  band,	  the	  peak	  strength	  of	  the	  central	  layer	   is	   reduced	  by	  0.1%.	   	   It	  was	  anticipated	   from	  examination	  of	   the	  nonlocal	  equations	   that	  the	   thickness	   of	   the	   shear	   band	  will	   vary	  with	   the	  model	   employed.	   	   Separate	   equations	   are	  proposed	   to	  calculate	   the	  effective	  shear	  band	   thickness	   for	  each	  model	  by	  assuming	  a	  cosine	  distribution	  for	  the	  local	  strain	  and	  combining	  it	  with	  the	  nonlocal	  formulas.	  	  The	  effective	  width	  or	  thickness	  of	  the	  shear	  band	  was	  found	  by	  assuming	  that	  the	  nonlocal	  strain	  is	  constant	  within	  the	  shear	  band,	  as	  with	  the	  Vermeer	  &	  Brinkgreve	  (1994)	  equations.	  	  Using	  these	  equations,	  the	  thickness	  of	  the	  shear	  band	  is	  maintained	  constant	  for	  both	  the	  G&S	  and	  over-­‐nonlocal	  models	  (Jostad	  &	  Grimstad,	  2011).	  	  	  The	  defined	  length	  for	  the	  G&S	  analyses	  is	  specified	  as	  10mm	  to	  create	  a	  34mm	  effective	  width	  shear	  band.	  	  The	  larger	  redistribution	  of	  strain	  in	  the	  over-­‐nonlocal	  method	  is	  a	  function	  of	  both	  the	  alpha	  parameter,	  α	  and	  the	  defined	  length,	  DL.	  	  For	  an	  alpha,	  α	  =	  1.58,	  a	  specified	  length	  of	  10.8mm	   achieves	   a	   34mm	   effective	   width	   shear	   band.	   	   The	   incremental	   shear	   strain	  distributions	  of	   these	   two	  analyses	  were	  compared	   for	  one	   increment	   in	   the	  softening	  part	  of	  the	  analysis.	  	  The	  over-­‐nonlocal	  method	  produced	  a	  very	  smooth	  strain	  distribution,	  whilst	  the	  G&S	  distribution	  produced	  a	  similar	  overall	  pattern	  with	  an	  irregular	  strain	  distribution	  (Jostad	  &	  Grimstad,	  2011).	   	  This	   comparison	  of	   the	   two	  methods	  was	   coupled	  with	   an	  assessment	  of	  numerical	  efficiency	  of	  the	  analyses	  by	  a	  review	  of	  the	  number	  of	  iterations	  required	  to	  resolve	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each	  solution.	  	  Results	  for	  the	  G&S	  DL=10mm	  analysis	  and	  several	  analyses	  with	  varying	  alpha	  and	  DL	  combinations	  for	  the	  required	  shear	  band	  thickness	  were	  compared.	   	  The	  G&S	  method	  was	  found	  to	  be	  more	  numerically	  inefficient	  than	  most	  of	  the	  over-­‐nonlocal	  analyses,	  with	  an	  alpha	  of	  α	  =	  2.0	  providing	  the	  most	  numerically	  efficient	  results,	  followed	  by	  an	  alpha	  of	  α	  =	  1.58	  (Jostad	  &	  Grimstad,	  2011).	  	  	  The	  over-­‐nonlocal	  method	  with	  an	  alpha	  of	  α	  =	  1.58	  and	  the	  G&S	  method	  are	  further	  compared	  by	   Jostad	   &	   Grimstad	   (2011)	   in	   a	   plane	   strain	   biaxial	   compression	   analysis.	   	   The	   mesh	  dependency	  of	  these	  two	  modified	  nonlocal	  methods	  and	  the	  original	  nonlocal	  strain	  softening	  method	  was	  assessed	  for	  a	  DL	  of	  5mm	  and	  three	  meshes.	   	  The	  top	  and	  bottom	  boundaries	  are	  specified	   as	  perfectly	   rough,	  which	   is	   comparable	   to	   specifying	   zero	   lateral	   displacements	   for	  these	  boundaries.	   	  This	  boundary	  condition	  is	  sufficient	  to	  trigger	  localisation	  without	  seeding	  the	  problem	  with	  an	  arbitrary	  perturbation,	  as	  employed	  in	  the	  simple	  shear	  analyses	  presented	  by	  the	  same	  authors	  and	  in	  the	  biaxial	  compression	  analyses	  by	  Vermeer	  &	  Brinkgreve	  (1994)	  and	  Lu	  et	  al.	  (2002).	  	  Two	  of	  the	  three	  meshes	  model	  the	  full	  biaxial	  compression	  analysis	  for	  a	  100m	  high	  by	  50mm	  wide	  sample	  with	  a	  varying	  number	  of	  15	  node	  triangular	  elements.	  	  They	  are	   labelled	   the	   medium	   and	   fine	   meshes.	   	   A	   third	   mesh	   models	   one	   quarter	   of	   the	   biaxial	  compression	  analysis	  using	  two	  lines	  of	  symmetry;	  it	  is	  labelled	  ‘sym’.	  	  	  The	  results	  for	  all	  three	  meshes	  and	  models	  are	  found	  to	  have	  low	  mesh	  dependency	  in	  terms	  of	  the	  change	   in	  stress	  with	   increased	  vertical	  displacement	  of	   the	   top	  of	   the	  sample,	  Figure	  4.6.	  	  The	   different	   meshes	   give	   similar	   results	   when	   employing	   the	   same	   nonlocal	   method.	   	   The	  symmetry	  mesh	  results	  were	  found	  to	  all	  give	  a	  very	  slightly	  increased	  stress	  compared	  to	  the	  other	   two	  meshes,	   for	   all	   three	  methods	   (Jostad	  &	  Grimstad,	   2011).	   	   The	  post	   peak	   softening	  rates	  were	   slightly	   different	   for	   each	  method,	   as	   illustrated	  by	   the	   gradient	   of	   the	   downward	  slope	  of	   the	   stress	  versus	  displacements	  plots,	   reproduced	   in	  Figure	  4.6.	   	  The	  horizontal	   axes	  show	   the	   vertical	   displacement	   normalised	   by	   the	   height	   of	   the	   sample	   and	   the	   vertical	   axes	  display	   the	   normalised	   excess	   stress,	   calculated	   as	   the	   vertical	   stress	   in	   excess	   of	   the	   initial	  effective	   stress.	   	   The	   original	   nonlocal	  method	  had	   the	   fastest	   softening	   rate,	   followed	  by	   the	  G&S	   method	   with	   the	   over-­‐nonlocal	   method	   producing	   the	   shallowest	   slope	   and	   therefore	  slowest	  softening	  rate.	   	  Given	   that	  all	   the	  analyses	  used	   the	  same	  value	   for	   the	  defined	   length	  parameter,	  DL=5mm,	   this	  difference	   in	   the	   rate	  of	   softening	   is	   a	   function	  of	   the	  method	  used.	  	  The	   effect	   of	  method	   on	   softening	   rate	   shown	   in	   Figure	   4.6	   illustrates	   that	   it	   is	   not	   only	   the	  chosen	  defined	  length	  that	  will	  affect	  material	  behaviour.	  	  The	  different	  methods	  also	  affect	  the	  softening	  behaviour	  of	  the	  material.	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Figure	  4.6	  Comparison	  of	  biaxial	  compression	  results	  for	  three	  nonlocal	  strain	  softening	  methods	  and	  three	  
meshes.	  (Jostad	  &	  Grimstad,	  2011).	  
	  	   182	  
	  
Figure	  4.7	  Comparison	  of	  biaxial	  compression	  analyses	  for	  three	  nonlocal	  strain	  softening	  methods	  and	  three	  
meshes.	  (Jostad	  &	  Grimstad,	  2011).	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Jostad	  &	   Grimstad	   (2011)	   attribute	   this	   difference	   to	   the	  width	   of	   the	   slip	   surface	   produced.	  	  This	  is	  a	  symptom	  of	  the	  cause	  rather	  than	  the	  root	  of	  the	  cause.	   	  The	  cause	  of	  both	  the	  wider	  shear	  band	  and	  reduced	  softening	  rate	   is	   the	   form	  of	   the	  redistribution	  of	   the	   local	  strains.	   	  A	  wider	  redistribution	  of	  strain	  occurs	  in	  conjunction	  with	  a	  reduced	  peak	  strain,	  as	  illustrated	  for	  a	  simple	  local	  strain	  input	  in	  Figure	  4.3.	  	  A	  reduced	  peak	  strain	  for	  the	  same	  input	  will	  result	  in	  a	  reduced	   degree	   of	   softening	   producing	   a	   slower	   rate	   of	   softening.	   	   This	   illustrates	   that	   the	  election	  of	  a	  suitable	  DL	  must	  consider	  how	  the	  softening	  rate	   is	  affected	  as	  well	  as	   the	  shear	  band	  thickness.	  	  In	  addition,	  this	  choice	  of	  DL	  will	  be	  specific	  to	  the	  nonlocal	  method	  used.	  From	  a	  visual	  evaluation	  of	   the	  results,	  reproduced	   in	  Figure	  4.7,	   the	  difference	   in	  shear	  band	  thickness	   for	   each	  method	   can	   be	   compared.	   	   The	   thinnest	   shear	   band	  was	   produced	   by	   the	  original	   nonlocal	   method,	   the	   G&S	  modified	   method	   had	   thicker	   shear	   bands	   with	   the	   over-­‐nonlocal	   results	   producing	   the	   thickest	   band.	   	   This	   confirms	   the	   pattern	   shown	  by	   the	   stress	  versus	  displacement	  plots,	   Figure	  4.6,	   for	   the	   change	   in	   the	   rate	   of	   softening,	   faster	   softening	  with	  a	  thinner	  shear	  band.	  	  However,	  it	  contradicts	  the	  effective	  shear	  band	  thickness	  equations	  used	  in	  the	  simple	  shear	  analyses	  by	  the	  same	  authors.	   	  For	  the	  simple	  shear,	  a	   larger	  DL	  was	  required	   for	   the	   over-­‐nonlocal	   method	   with	   α=1.58	   to	   have	   the	   same	   predicted	   shear	   band	  width	  as	   the	  G&S	  modified	  method	   (Jostad	  &	  Grimstad,	  2011).	   	  This	   implies	   that	   the	  effective	  width	   of	   the	   shear	   band	   would	   be	   smaller	   for	   the	   over-­‐nonlocal	   method,	   contradicting	   the	  biaxial	  compression	  results.	  	  This	  could	  be	  a	  consequence	  of	  assuming	  a	  cosine	  distribution	  for	  the	  local	  strain	  and/or	  the	  assumption	  of	  constant	  nonlocal	  strain	  within	  the	  shear	  band.	   	  The	  strain	   of	   the	   shear	  bands	   in	  Figure	  4.7	   is	   not	   constant,	   although	  no	  key	  was	  provided	   for	   the	  contour	   levels	   to	   assess	   the	   level	   of	   strain	   shown	   on	   these	   diagrams.	   The	   results	   shown	   in	  Figure	  4.1(b)	  also	  predict	  a	  wider	  distribution	  for	  the	  G&S	  method	  than	  the	  over-­‐nonlocal,	  but	  only	  for	  below	  0.2	  strain.	  	  In	  Figure	  4.4(b)	  the	  width	  of	  the	  over-­‐nonlocal	  strain	  distributions	  at	  0.2	  strain	  become	  closer	  to	  the	  G&S	  distribution	  as	  the	  alpha	  parameter	  is	  increased.	  	  	  For	  α=1.5	  the	   over-­‐nonlocal,	   0.2	   strain	   is	   reached	   at	   about	   the	   same	   distance	   as	   the	   G&S	   strain	  distribution,	  but	  the	  strains	  drop	  more	  rapidly	  below	  this	  point.	  	  Further	  evidence	  of	  the	  mesh	  independence	  of	  the	  over-­‐nonlocal	  method	  has	  been	  provided	  by	  other	   biaxial	   compression	   analyses	   (Lu	   et	   al.,	   2009;	   Vermeer	   &	   Brinkgreve,	   1994),	   which	  demonstrate	  the	  method’s	  low	  mesh	  dependence	  of	  the	  method.	  Vermeer	  &	  Brinkgreve	  (1994)	  modelled	  a	  cubical	  sample	  of	  soil	  or	  rock;	  using	  Von-­‐Mises	  yield	  criterion	  and	  relating	  material	  strength	   solely	   to	   cohesion.	   	   The	   sample	   size	   was	   0.25m	   in	   height	   with	   a	   defined	   length	  parameter	  of	  0.02m	  and	  alpha	  equal	  to	  2.0.	  	  Four	  meshes	  were	  considered,	  containing	  12,	  24,	  48	  and	  96	  triangular	  15	  noded	  elements.	  	  The	  sample	  underwent	  biaxial	  compression	  and	  a	  single	  diagonal	   shear	   band	   formed	   in	   each	   case.	   	   The	   shear	   band	   began	   part	   way	   down	   one	   of	   the	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vertical	  sides	  of	  the	  mesh,	  passed	  through	  the	  centre	  of	  the	  mesh	  and	  finished	  part	  way	  down	  the	   opposite	   vertical	   side.	   	   The	   strain	   localisation	  was	   numerically	   triggered,	   in	   other	  words	  seeded	  by	  reducing	  the	  tensile	  strength	  of	  one	  Gaussian	  integration	  point	  by	  10%.	  	  The	  authors	  did	  not	  specify	   the	   location	  of	   this	  reduced	  strength	  point	  and	   therefore	  an	  assessment	  of	   the	  impact	   of	   seeding	   on	   the	   shape	   or	   location	   of	   the	   shear	   band	   cannot	   be	   made.	   	   However,	  assuming	  that	  only	  the	  mesh	  was	  varied	  for	  the	   four	  analyses	  presented,	   the	  results	  exhibited	  very	   low	   mesh	   dependence	   with	   very	   similar	   results	   for	   the	   sustained	   load	   versus	   applied	  vertical	  displacement	  response	  and	  for	  the	  contours	  of	  displacement.	  These	   results	   are	  presented	   in	   isolation	   to	   results	   for	   local	   strain	   softening	  methods	  or	   other	  nonlocal	   strain	   softening	   methods.	   	   Lu	   et	   al.	   (2009)	   present	   undrained	   compression	   results	  comparing	   the	   local	   and	  over-­‐nonlocal	   strain	   softening	  methods.	   	  A	  10cm	  by	  20cm	  mesh	  was	  specified	  with	  3	  noded	  triangular	  elements	  of	  varying	  discretisations	  producing	  a	  144	  elements	  coarse	   mesh,	   a	   576	   elements	   medium	   mesh	   and	   a	   1024	   elements	   fine	   mesh.	   	   The	   mesh	   is	  constrained	  by	  maintaining	  the	  upper	  and	  bottom	  boundaries	  horizontal	  and	  fixing	  the	  position	  of	   the	   centre	  of	   the	  bottom	  boundary.	   	  No	  confining	  pressure	  was	   specified	  along	   the	  vertical	  sides	  of	   the	  mesh,	  permitting	   free	  movement	  of	   the	  sample	  at	   these	  borders	   that	   is	   restricted	  only	   by	  material	   stiffness.	   	   Vertical	   displacement	  was	   then	   applied	   to	   the	   top	  boundary.	   	   The	  material	   yield	   strength	  was	   set	   at	   100MPa	  with	   a	   softening	  modulus	   of	   -­‐0.02	   per	   strain	   unit.	  	  The	   nonlocal	   parameters	   were	   a	   defined	   length,	   DL	   of	   1.25cm	   and	   an	   alpha	   of	   2.0.	   	   The	  localisation	   of	   these	   analyses	   was	   initiated	   by	   reducing	   the	   yield	   strength	   of	   the	   bottom	   left	  hand	  corner	  of	   the	  sample	  by	  5%.	   	  The	  deformation	  of	  the	  sample	  began	  in	  this	  area.	   	  For	  the	  coarsest	  mesh,	  a	  different	  shear	  band	  pattern	  was	  observed	  and	  a	  corresponding	  difference	  in	  the	   force	   vs.	   strain	   curve	   is	   reproduced	   in	   Figure	   4.8.	   	   Results	   employing	   the	   local	   strain	  softening	  method	  diverged	  for	  the	  medium	  and	  fine	  meshes	  at	  the	  onset	  of	  softening,	  Figure	  4.8.	  	  The	  nonlocal	   strain	   softening	  demonstrated	   its	   regularisation	  ability	  by	  allowing	   convergence	  towards	  global	  equilibrium	  for	  all	  analyses,	  although	  with	  some	  mesh	  dependence,	  Figure	  4.8.	  The	  suitability	  of	  the	  nonlocal	  method	  for	  different	  definitions	  of	  soil	  strength	  was	  explored	  in	  biaxial	  compression	  analyses	  presented	  by	  Galavi	  &	  Schweiger	  (2010).	  	  The	  biaxial	  compression	  analyses	   previously	   discussed	   were	   undrained	   (Jostad	   &	   Grimstad,	   2011;	   Lu	   et	   al.,	   2009)	   or	  strength	   was	   related	   to	   cohesion	   only	   (Vermeer	   &	   Brinkgreve,	   1994).	   Galavi	   &	   Schweiger	  (2010)	   present	   drained	   results	   for	   two	   materials,	   one	   material	   with	   c’=0kPa	   and	   φ’	   only	  softening	  and	  the	  other	  specifying	  a	  constant	  φ’	  with	  c’	  softening.	  	  This	  permits	  a	  comparison	  of	  material	  behaviour	  when	  employing	  the	  nonlocal	  strain	  softening	  model.	  	  The	  analyses	  are	  not	  seeded;	  the	  strain	  localization	  is	  permitted	  to	  occur	  only	  in	  response	  to	  the	  boundary	  conditions	  and	  the	  applied	  vertical	  displacement.	   	  A	  1m	  by	  0.25m	  sample	  is	  compressed	  progressively	  on	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the	  top	  boundary	  by	  a	  specified	  vertical	  displacement.	  	  Using	  a	  central	  vertical	  line	  of	  symmetry	  only	  half	  of	  the	  problem	  is	  represented	  by	  these	  analyses;	  therefore	  the	  left	  side	  of	  the	  mesh	  is	  restricted	  to	  vertical	  movement	  only.	  	  The	  top	  and	  the	  bottom	  of	  the	  sample	  are	  enclosed	  by	  stiff	  platens,	   which	   restrict	   horizontal	   and	   vertical	   movement	   at	   these	   boundaries	   (Galavi	   &	  Schweiger,	  2010).	   	  The	  right	  vertical	   side	  of	   the	  mesh	   is	  placed	  under	  a	  confining	  pressure	   to	  restrict	  movement	  on	  this	  boundary;	  a	  pressure	  of	  -­‐100kPa	  is	  applied	  for	  friction	  softening	  and	  -­‐200kPa	  for	  cohesion	  softening.	  	  A	  multilaminate	  constitutive	  model	  is	  employed	  for	  all	  analyses	  with	  the	  G&S	  modified	  nonlocal	  method	  applied	  once	  softening	  of	  the	  material	  is	  initiated,	  with	  an	   internal	   or	   defined	   length	   of	   0.1m.	   	   Four	   different	   meshes	   were	   used	   employing	   varying	  numbers	  of	  15	  noded	  triangular	  12	  Gaussian	  point	  elements:	  50,	  100,	  190	  and	  396	  elements.	  	  
	  
Figure	   4.8	   Comparison	   of	   the	   local	   and	   over-­‐nonlocal	   strain	   softening	  models	   for	   undrained	   compression	  
analyses.	  	  Force	  normalised	  by	  initial	  stress	  versus	  the	  axial	  strain.	  (Lu	  et	  al.,	  2009)	  	  The	  behaviour	  for	  both	  sets	  of	  material	  are	  very	  similar	  with	  very	  low	  mesh	  dependence	  shown	  on	  the	  force	  versus	  displacement	  curves	  reproduced	  in	  Figure	  4.9	  for	  both	  (a)	  friction	  softening	  and	   (b)	   cohesion	   softening.	   	   The	   differences	   exhibited	   at	   residual	   strength	   for	   frictional	  softening	   are	   attributed	   to	   the	   inclusion	   of	   a	   varying	   dilation	   angle,	   ψ,	   which	   softens	   in	   the	  frictional	   analysis	   from	   10°	   to	   0°	   over	   the	   same	   strain	   range	   as	   φ	   reduces.	   	   In	   the	   cohesion	  analyses,	   ψ	   is	   constant	   at	   10°	   and	   the	   difference	   in	   results	   is	   smaller.	   	   It	   is	   argued	   that	   the	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reduction	  in	  ψ	  to	  zero	  allows	  the	  discontinuity	  to	  be	  modelled	  as	  a	  very	  thin	   localisation	  zone	  (Galavi	  &	  Schweiger,	  2010).	   	  The	  change	   in	  accumulated	  shear	  strain	   for	   the	   four	  meshes	  and	  friction	  softening	  is	  reproduced	  in	  Figure	  4.10.	  	  An	  increase	  in	  peak	  shear	  strain	  in	  the	  centre	  of	  the	   shear	   band	   is	   demonstrated	   but	   this	   phenomena	   could	   also	   be	   attributed	   to	   the	   higher	  resolution	  provided	  by	  a	   finer	  mesh.	   	  The	  overall	   shear	  band	   thickness	   is	  very	   similar	   for	   the	  four	  meshes.	  The	  thickness	  of	  the	  shear	  band	  is	  further	  explored	  in	  biaxial	  compression	  analyses	  presented	  by	  Galavi	  and	  Schweiger	  (2010).	   	  This	   includes	  an	   investigation	   into	   the	  effects	  of	   the	  defined	  length	  and	   the	  softening	  rate.	   	   It	  was	  demonstrated	   that	  an	   increase	   in	   the	  defined	   length,	  DL	  resulted	   generally	   in	   an	   increase	   in	   shear	   band	   thickness.	   	   This	   is	   expected	   and	   confirms	   the	  effect	   of	   DL	   on	   the	   strain	   regularisation	   equations	   that	   was	   shown	   in	   Figure	   4.3(b)	   and	  discussed	  in	  Section	  4.2.4.	   	  However,	   the	  shear	  band	  thickness	   in	  their	  analyses	  was	  shown	  to	  vary	  with	  mesh	  when	  all	  other	  parameters	  remain	  constant,	  as	  shown	   for	  DL=10cm	   in	  Figure	  4.11.	   	  Apart	   from	   the	   analyses	  with	   a	  DL	  of	   10cm,	   only	  one	  mesh	   is	   employed	   for	   each	  other	  specified	   DL	   in	   the	   results	   presented	   in	   Figure	   4.11.	   	   From	   this	   data,	   a	   general	   trend	   for	   the	  thickness	   of	   the	   shear	   band	   can	   be	   estimated,	   but	   for	   this	   trend	   to	   be	   less	   dependent	   on	   the	  element	  size,	  further	  analyses	  should	  be	  performed.	  It	   is	   agreed	   that	   the	   size	   of	   the	   defined	   length	   should	   be	   specified	   so	   as	   to	   include	   sufficient	  Gaussian	   calculation	   points	   to	   permit	   the	   averaging	   of	   strains	   to	   include	   the	   neighbouring	  strains	   at	   the	  neighbouring	  Gaussian	   calculation	  points.	   	   To	   include	   these	   strains,	   the	  defined	  length	  should	  be	  at	  least	  as	  large	  as	  the	  largest	  element	  involved.	  	  If	  the	  aim	  of	  the	  analysis	  is	  to	  create	  a	  realistic	  shear	  band	  size,	  small	  element	  sizes	  may	  be	  required.	   	  The	  element	  size	  and	  therefore	  the	  defined	  length	  should	  be	  the	  same	  size	  or	  smaller	  than	  the	  shear	  band	  thickness.	  	  For	  thin	  shear	  bands	  or	  large	  boundary	  value	  problems	  this	  would	  result	  in	  a	  large	  number	  of	  small	   elements,	   greatly	   increasing	   the	  numerical	   cost	   of	   the	   analyses.	   	   To	  permit	   the	  use	  of	   a	  smaller	   number	   of	   large	   elements	   and	   thereby	   increase	   computational	   efficiency,	   Marcher	  (2003)	  suggested	  harnessing	  the	  effect	  of	  DL	  on	  softening	  rate	  to	  permit	  the	  use	  of	  a	  larger	  DL,	  as	   summarised	   by	   Galavi	   &	   Schweiger	   (2010).	   	   This	   creates	   a	  much	   larger,	   unrealistic,	   shear	  band	  width	  that	  nevertheless	   is	  an	  appropriate	  size	   for	  the	   finite	  element	  mesh	  adopted.	   	   It	   is	  assumed	  that	  there	  is	  a	  linear	  relation	  ship	  between	  the	  rate	  of	  softening,	  msoft	  ,	  and	  the	  defined	  length,	  DL.	   	  The	   ratio	  of	   the	   real	   values	  of	   the	   rate	  of	   softening	   to	  DL	   for	   soil,	   denoted	  by	   the	  suffix	  ‘soil’,	  is	  equal	  to	  the	  ratio	  of	  the	  calculation	  values,	  denoted	  by	  the	  suffix	  ‘cal’.	  	  The	  smallest	  DL	  permitted	  by	  the	  element	  sizes	  of	  the	  mesh	  is	  used	  to	  resolve	  the	  calculated	  softening	  rate	  that	  would	  give	  the	  same	  ratio	  for	  the	  soil.	  	  The	  relationship	  is	  shown	  in	  equation	  (4.6).	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𝑚!"#!"#$𝐷𝐿!"# = 𝑚!"#$!"#$𝐷𝐿!"#$ 	   (4.6)	  	  A	   larger	   defined	   length,	   results	   in	   a	   larger	   than	   realistic	   shear	   band	   thickness	   with	   faster	  softening.	   	   The	   faster	   softening	   rate	   would	   prove	   potentially	   problematic	   as	   numerical	  convergence	   issues	   arise	   with	   faster	   softening	   rates	   (Vermeer	   &	   Brinkgreve,	   1994).	   	   This	  method	  was	  tested	  in	  three	  analyses	  by	  Galavi	  &	  Schweiger	  (2010)	  employing	  the	  same	  ratio	  of	  msoft	   to	  DL	   for	   three	  meshes	  with	  varying	  element	  sizes.	   	  The	   load	  versus	  displacement	  graph	  presented	   very	   little	   difference	   between	   the	   results	   with	   the	   shear	   band	   thickness	   slightly	  smaller	  than	  the	  applied	  DL	  for	  each	  msoft	  and	  DL	  combination.	  	  This	  method	  could	  then	  usefully	  be	  applied	   in	  a	  boundary	  value	  problem	  employing	  the	  nonlocal	  strain	  softening	  model,	  when	  the	  collapse	  mechanism	  and	  not	  the	  actual	  shear	  band	  thickness	  is	  the	  important	  output	  (Galavi	  &	  Schweiger,	  2010).	  The	  nonlocal	  G&S	  strain	  softening	  method	  was	  employed	  in	  one	  such	  boundary	  value	  problem	  aiming	   to	  produce	  a	  ground	  response	  curve	   for	  a	   shallow	   tunnel	   in	  drained	  non-­‐cohesive	   soil	  (Galavi	  &	  Schweiger,	  2010).	  	  Three	  meshes	  of	  varying	  element	  numbers	  and	  sizes	  were	  applied	  to	  the	  problem.	   	  The	  results	  showed	  very	   little	  mesh	  dependence	  on	  the	  settlement	  curve	  and	  for	   the	  shear	  strain	  contours	  after	   the	   initiation	  of	   softening.	   	  Once	  shear	  strains	  had	  reached	  residual	  state,	  the	  location	  of	  the	  shear	  bands	  had	  diverged	  slightly,	  although	  the	  overall	  pattern	  was	  maintained.	  Slope	  stability	  analyses	  have	  also	  been	  performed	  with	  the	  nonlocal	  method	  as	  a	  regularisation	  aid	   for	   strain	   softening	   soil.	   	   Results	   for	   three	   boundary	   value	   problems	   using	   an	   elasto-­‐viscoplastic	   model	   implemented	   in	   the	   TOCHNOG	   code	   are	   detailed	   below.	   	   The	   elasto-­‐viscoplastic	  model	  was	  chosen	  for	  its	  regularisation	  properties.	  	  However,	  it	  still	  exhibits	  mesh	  dependency	  for	  strain	  softening	  analyses	  (Conte	  et	  al.,	  2010)	  and	  the	  original	  nonlocal	  method	  was	  implemented	  to	  address	  this	  issue	  (Troncone,	  2005).	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Figure	  4.9	  Results	  of	  force	  versus	  imposed	  displacement	  for	  drained	  biaxial	  compression	  analyses	  for	  (a)	  φ’	  
only	  softening	  and	  (b)	  c’	  only	  softening	  with	  a	  constant	  φ’.	  The	  G&S	  nonlocal	  strain	  softening	  method	  with	  a	  
DL=0.1m	   is	   employed	   for	   1m	   by	   0.25m	   meshes	   simulating	   half	   the	   problem	   with	   a	   variety	   of	   element	  
numbers.	  	  Reproduction	  of	  Figures	  8	  and	  9	  (Galavi	  &	  Schweiger,	  2010).	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Figure	   4.10	   Accumulated	   shear	   strain	   contours	   for	   drained	   biaxial	   compression	   analyses	   for	   frictional,	   φ’	  
only	   softening.	   The	   G&S	   nonlocal	   strain	   softening	  method	   with	   a	   DL=0.1m	   is	   employed	   for	   1m	   by	   0.25m	  
meshes	  simulating	  half	  the	  problem	  with	  a	  variety	  of	  element	  numbers.	  	  Reproduction	  of	  Figure	  10	  (Galavi	  &	  
Schweiger,	  2010)	  	  
	  
Figure	  4.11	  Graph	  illustrating	  the	  relation	  between	  internal	  or	  defined	  length,	  l	  (cm)	  and	  the	  calculated	  shear	  
band	  thickness	  ts	  (cm)	  for	  meshes	  with	  a	  variety	  of	  element	  numbers	  and	  number	  of	  nodes	  per	  element.	  For	  
drained	   biaxial	   compression	   analyses	   with	   friction	   φ’	   softening.	   Reproduction	   of	   Figure	   12	   (Galavi	   &	  
Schweiger,	  2010)	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In	  the	  first	  set	  of	  analyses,	  the	  case	  study	  of	  an	  Italian	  slope	  was	  modelled	  by	  Troncone	  (2005).	  	  An	   excavation	  was	  made	   into	   an	   existing	   slope,	  which	   led	   to	   failure	   of	   the	   slope.	   	   The	   strain	  softening	  materials	   in	   the	   slope	   that	   require	   a	   numerical	   regularization	  method	  were	   both	   a	  dense	   cemented	   sand	   and	   a	   thin	   layer	   of	   clayey	   silt	  within	   the	   sand.	   	   The	   analyses	   aimed	   to	  confirm	   the	   mechanism	   of	   the	   slide.	   	   Three	   analyses	   were	   performed	   employing	   three	  constitutive	  models:	  a	  local	  elastic	  perfectly	  plastic	  strain	  softening	  model,	  an	  elasto-­‐viscoplastic	  model	  and	  an	  elasto-­‐viscoplastic	  nonlocal	  model.	   	  An	  internal	  length	  DL	  of	  50cm	  was	  specified	  for	  the	  nonlocal	  model	  and	  initial	  stresses	  were	  created	  using	  the	  gravity	  turn	  on	  method.	  	  The	  elastic	  perfectly	  plastic	  model	  would	  not	  permit	   a	   full	   development	  of	   the	   failure	  mechanism.	  	  The	   elasto-­‐viscoplastic	   and	   elasto-­‐viscoplastic	   nonlocal	  models	   both	   produced	   a	   translational	  slide	   mechanism	   that	   supported	   the	   evidence	   from	   the	   field	   investigations.	   	   The	   difference	  between	  these	  models	  was	  small,	  but	  this	  was	  attributed	  to	  the	  confinement	  of	  the	  slip	  surface	  within	   the	   weaker	   thin	   clayey	   silt	   band.	   	   The	   reduced	   mesh	   dependency	   provided	   by	   the	  nonlocal	  part	  of	  the	  model	  is	  not	  required	  for	  this	  mechanism	  as	  the	  lower	  strength	  of	  this	  layer	  overwhelms	   other	   potential	   mechanisms.	   	   The	   numerical	   regularisation	   provided	   by	   the	  viscoplastic	  part	  of	  the	  model	  is	  sufficient.	  	  	  In	   the	   second	   slope	   analyses,	   the	   lower	   base	   soil	   is	  modelled	  with	   an	   elastic	   perfectly	   plastic	  Mohr-­‐Coulomb	   constitutive	   model	   and	   the	   cover	   soil	   employs	   a	   nonlocal	   elasto-­‐viscoplastic	  model	  for	  c’	  and	  φ’	  softening	  with	  a	  defined	  length	  of	  0.8m.	   	  The	  slope	  is	  a	  245m	  long	  with	  an	  average	  slope	  of	  18°	  to	  the	  horizontal	  plane,	  which	  makes	  it	  approximately	  75m	  in	  height.	  	  The	  slope	  is	  stable	  when	  the	  cover	  soil	  is	  unweathered.	  	  The	  weathering	  of	  the	  soil	  is	  simulated	  by	  a	  progressive	  reduction	  in	  the	  peak	  strength	  of	  the	  cover	  soil.	  	  This	  is	  applied	  concurrently	  with	  a	  mesh	   refinement	   technique	   controlled	   by	   the	   distribution	   and	   concentration	   of	   strain.	   	   The	  nonlocal	   strain	   softening	   method	   permitted	   the	   indication	   of	   the	   failure	   mechanism	   for	   this	  slope.	  	  Analyses	   presented	   by	   Murianni	   et	   al.	   (2011)	   compare	   the	   local	   strain	   softening	   method	  employing	   a	   Mohr-­‐coulomb	   elastic,	   perfectly	   plastic	   constitutive	   model	   to	   a	   nonlocal	   elasto-­‐viscoplastic	   constitutive	   model.	   	   A	   normally	   consolidated	   clay	   slope	   is	   modelled	   using	   the	  gravity	  switch	  on	  method.	   	  The	  slope	  is	  stable	  until	  the	  water	  table	  is	  raised,	  causing	  failure	  of	  the	  slope.	  	  The	  local	  method	  led	  to	  an	  accumulation	  of	  numerical	  errors	  to	  an	  unacceptable	  level.	  	  	  When	  employing	  the	  nonlocal	  elasto-­‐viscoplastic	  model,	  analysis	  of	  the	  same	  slope	  produces	  a	  progressive	   and	   localised	   failure	   of	   the	   slope	  without	   the	   same	  numerical	   errors	   experienced	  with	  the	  local	  method	  (Murianni	  et	  al.,	  2011).	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In	  conclusion,	  the	  nonlocal	  strain	  softening	  model	  has	  been	  applied	  to	  a	  variety	  of	  finite	  element	  analyses.	   	   Shear	   and	   biaxial	   compression	   analyses	   exhibit	   mesh	   independence,	   or	   more	  correctly	   low	  mesh	   dependence	   of	   results	   employing	   several	   nonlocal	   methods	   compared	   to	  local	   strain	   softening	   models.	   	   Some	   problems	   were	   seeded	   to	   create	   strain	   localisation.	   	   A	  variety	   of	   mesh	   shapes	   and	   applied	   boundary	   conditions	   also	   demonstrated	   a	   number	   of	  conditions	   under	   which	   the	   nonlocal	   method	   could	   be	   examined.	   	   In	   the	   choice	   of	   analysis	  parameters,	  a	  clear	  understanding	  of	  the	  aim	  of	  each	  analysis	  would	  aid	  this	  choice.	   	  Decisions	  could	  also	  be	  supported	  by	  further	  analyses	  exploring	  these	  issues,	  as	  presented	  in	  Chapter	  5.	  The	   over-­‐nonlocal	   and	   G&S	   modified	   nonlocal	   methods	   were	   demonstrated	   as	   more	   mesh	  independent	  than	  the	  original	  nonlocal	  method	  (Jostad	  &	  Grimstad,	  2011).	   	  Although	  the	  over-­‐nonlocal	  method	   has	   been	   championed	   by	   a	   variety	   of	   authors,	   an	   appropriate	   value	   for	   the	  alpha	  parameter	  remains	  an	  arbitrary	  choice.	  	  An	  α	  of	  2.0	  was	  employed	  by	  several	  authors	  with	  α	  =	  1.58	  shown	  as	  the	  most	  numerically	  efficient	  (Jostad	  &	  Grimstad,	  2011).	  	  This	  led	  the	  author	  to	  employ	  values	  of	  α	  =	  1.5	  and	  2.0	  in	  Section	  4.5.	  The	  election	  of	  a	  suitable	  characteristic	  or	  defined	  length	  parameter,	  DL	  for	  nonlocal	  models	  has	  been	  related	  to	  the	  thickness	  of	  the	  shear	  band	  produced	  in	  biaxial	  compression	  analyses.	  	  The	  thickness	  has	  been	  shown	  to	  also	  vary	  with	  nonlocal	  method	  and	  element	  sizes	  within	  the	  mesh	  (Jostad	  &	   Grimstad,	   2011;	   Galavi	   &	   Schweiger,	   2010)	   Election	   of	   a	   suitable	   DL	  will	   therefore	  require	   further	   investigation.	   	   The	   investigations	   could	   include	   the	   relationship	   between	  softening	  rate	  and	  DL	  (Marcher,	  2003).	  	  It	  was	  suggested	  to	  provide	  a	  link	  between	  suitable	  DL	  for	  a	  boundary	  value	  problem	  and	  a	  realistic	  shear	  band	  thickness,	  given	  the	  large	  element	  sizes	  likely	  to	  be	  involved	  in	  the	  mesh	  of	  a	  boundary	  value	  problem.	  	  	  A	  selection	  of	  boundary	  value	  problems	  successfully	  employing	  the	  original	  nonlocal	  and	  G&S	  nonlocal	  methods	  were	  presented.	  	  These	  involved	  a	  tunnel	  settlement	  problem	  and	  three	  slope	  problems.	   	   The	   slope	   analyses	   were	   all	   for	   normally	   consolidated	   soils	   with	   initial	   stresses	  created	   using	   the	   gravity	   switch	   on	   method.	   	   The	   failure	   of	   the	   slope	   was	   caused	   by	   either	  weathering	   or	   excavation	   of	   the	   toe	   or	   a	   rise	   in	   the	   water	   table	   for	   an	   existing	   slope.	   	   The	  nonlocal	  method	  has	  not	  been	  applied	   to	   the	   slope	   failure	  of	   a	   cutting	   suffering	   from	  delayed	  and	   progressive	   failure	   or	   for	   an	   over-­‐consolidated	   material.	   	   Application	   of	   the	   nonlocal	  method	  to	  a	  cutting	  slope	  in	  Chapter	  5	  and	  6	  will	  be	  novel,	  in	  addition	  to	  the	  use	  of	  the	  method	  to	  explore	  the	  use	  of	  stabilisation	  piles	  in	  Chapter	  7.	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 Implementation	  and	  Validation	  Approach	  for	  Nonlocal	  Methods	  4.3.The	   three	   nonlocal	  methods	   discussed	   above	   have	   been	   implemented	   into	   the	   existing	   finite	  element	   program,	   ICFEP.	   	   This	   section	   presents	   the	   implementation	   and	   format	   of	   testing	   of	  these	   methods	   to	   first	   prove	   the	   application	   and	   reliability	   to	   produce	   expected	   results	   and	  secondly	  to	  compare	  and	  evaluate	  the	  mesh	  independence	  of	  the	  three	  nonlocal	  methods.	  	  There	  are	   two	   types	   of	   analyses	   presented;	   the	   simple	   shear	   analysis	   with	   a	   uniform	   strain	  distribution	   and	   the	   biaxial	   compression	   analysis,	   which	   models	   the	   formation	   and	  development	  of	  a	  slip	  surface.	   	  The	  boundary	  conditions,	  nonlocal	  parameters	  and	  method	  for	  evaluation	  of	  results	  will	  be	  presented	  separately	  for	  the	  simple	  shear	  and	  biaxial	  compression	  analyses.	  	  The	  soil	  properties	  and	  model	  parameters	  are	  summarised	  at	  the	  end	  of	  this	  section.	  	  
4.3.1. Implementation	  in	  the	  ICFEP	  code	  There	  were	  two	  existing	  strain	  softening	  constitutive	  models	  available	  in	  ICFEP.	  	  One	  employed	  a	  Tresca	  failure	  criterion	  for	  undrained	  or	  short	  term	  analyses	  and	  the	  other	  a	  Mohr-­‐Coulomb	  failure	  criterion	  for	  drained	  or	  long	  term	  analyses.	  	  These	  constitutive	  models	  included	  the	  two	  local	  strain	  softening	  models	  discussed	  in	  Section	  3.2.2.	   	  The	  peak	  and	  residual	  strength	  limits	  are	   paired	   to	   either	   specified	   strain	   values	   linked	   to	   element	   size	   or	   specified	   displacements.	  	  	  The	  three	  nonlocal	  methods	  have	  been	  added	  as	  additional	  strain	  softening	  options	  to	  both	  the	  Tresca	  and	  the	  Mohr-­‐Coulomb	  constitutive	  models.	  	  When	  one	  of	  these	  options	  is	  employed,	  the	  nonlocal	  strain	  calculated	  depends	  on	   the	   local	  plastic	  strains	  at	   the	   integration	  point	  and	   the	  local	   plastic	   strains	   at	   all	   the	   other	   integration	  points	   that	   have	   the	   same	  material	   type.	   	   The	  nonlocal	  plastic	  strain	  is	  used	  to	  assess	  the	  current	  soil	  strength	  of	  the	  point	  of	  calculation.	  	  The	  strain	  softening	  limits	  are	  paired	  to	  a	  specified	  nonlocal	  plastic	  strain.	  The	  calculation	  of	  nonlocal	  plastic	  strains	  is	  initiated	  only	  once	  the	  local	  strains	  become	  plastic.	  	  The	  strains	  change	  from	  elastic	  to	  plastic	  at	  the	  yield	  point,	  as	  defined	  by	  the	  chosen	  constitutive	  model	  and	  soil	   strength	  parameters.	   	  Whilst	   the	  strains	  remain	  elastic,	   the	  nonlocal	  equations	  will	  not	  be	  employed.	  	  The	  concentration	  of	  strain	  is	  low	  before	  the	  yield	  of	  the	  material	  occurs	  and	   there	   is	   no	   softening	   of	   the	   material,	   therefore	   the	   redistribution	   of	   strains	   would	   be	  unnecessary	  and	  increase	  the	  numerical	  expense	  of	  the	  analysis.	  	  Under	  certain	  circumstances,	  such	  as	  a	  plateau	  of	  peak	  strength	  or	  an	  initial	  hardening	  stage	  prior	  to	  softening	  of	  the	  material,	  plastic	  strains	  will	  accumulate	  in	  the	  absence	  of	  softening.	  	  If	  the	  nonlocal	  strain	  calculations	  do	  not	   begin	   during	   the	   formation	   of	   pre-­‐softening	   plastic	   strains,	   the	   ability	   of	   shear	   bands	   to	  move	  in	  the	  early	  stages	  of	  strain	  formation	  could	  be	  limited	  (Schädlich,	  2012).	  	  However,	  in	  an	  analysis	  such	  as	  a	  biaxial	  compression	  test	  or	  a	  boundary	  value	  problem	  where	  the	  geometry	  of	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the	  problem	  dictates	  the	  location	  and	  angle	  of	  the	  shear	  band,	  mobility	  of	  shear	  bands	  holds	  less	  importance.	  Following	  Galavi	  &	  Schweiger	  (2010),	  the	  plastic	  strains	  from	  the	  previous	  iteration	  are	  used	  to	  calculate	   the	   nonlocal	   strain	   in	   the	   current	   calculation	   step.	   	   For	   the	   first	   iteration	   of	   an	  increment,	   the	   strain	   distribution	   from	   the	   previous	   increment	   is	   requested	   for	   the	   nonlocal	  calculations,	   if	   there	   are	   no	   significant	   changes	   to	   boundary	   conditions	   that	   might	   cause	  unloading.	  	  If	  there	  are	  significant	  changes	  to	  the	  boundary	  conditions,	  the	  nonlocal	  strains	  are	  assessed	   iteratively	   for	   that	   increment.	   	   The	   nonlocal	   plastic	   strains	   calculated	   in	   the	   current	  calculation	  step	  do	  not	  have	  any	  influence	  on	  the	  local	  strain	  calculation	  and	  are	  not	  included	  in	  the	   iterative	   process	   to	   converge	   on	   a	   solution	   to	   the	   finite	   element	   calculations,	   which	  increases	  computational	  efficiency.	  	  The	  three	  nonlocal	  methods	  are	  applied	  through	  the	  use	  of	  two	  algorithms.	  	  The	  over-­‐nonlocal	  algorithm	   employs	   the	   Gaussian	   distribution	   as	   the	   weighting	   function,	   Equation	   (4.2).	   	   It	  requires	  the	  definition	  of	  an	  internal	  length	  and	  the	  alpha	  parameter,	  labelled	  as	  α	  or	  A.	  	  If	  α	  =	  1.0,	  this	  algorithm	  reduces	  to	  the	  original	  nonlocal	  method,	  Equation	  (4.1).	  	  If	  α	  is	  greater	  than	  1,	  the	   over-­‐nonlocal	   formulation	   is	   employed,	   Equation	   (4.5).	   	   The	   alpha	   parameter	   cannot	   be	  specified	  as	  less	  than	  one.	  	  The	  Galavi	  &	  Schweiger	  algorithm	  only	  requires	  the	  specification	  of	  the	   length	  parameter.	   	   It	  employs	  the	  G&S	  weighting	  function,	  Equation	  (4.4),	  and	  the	  original	  nonlocal	   formulation,	   Equation	   (4.1).	   	   For	   both	   algorithms,	   the	   limit	   of	   peak	   and	   residual	  strength	  are	   specified	  using	  a	  %	  strain	  and	   the	   strength	   is	  made	  dependent	  on	   the	  calculated	  nonlocal	  plastic	  deviatoric	  strains.	  The	  optional	  parameter	  RI	  can	  be	  set	  when	  either	  algorithm	  is	  chosen.	  	  RI	  is	  used	  to	  determine	  which	  elements	  to	  include	  in	  the	  calculation	  of	  nonlocal	  strain.	   	  The	  contribution	  of	  the	  plastic	  strains	  at	  other	  integration	  points	  depends	  on	  their	  distance	  from	  the	  integration	  point	  at	  which	  the	  nonlocal	  strain	  is	  being	  evaluated.	  	  	  The	  weighting	  function	  used	  to	  assess	  the	  contribution	  is	  an	   exponential	   function,	   which	   rapidly	   diminished	   with	   distance.	   	   It	   would	   therefore	   be	  inefficient	  and	  unnecessary	  to	  include	  all	  elements	  in	  the	  calculation.	  	  In	  ICFEP,	  all	  elements	  that	  have	  at	  least	  one	  corner	  node	  at	  a	  distance	  equal	  to	  or	  less	  than	  the	  RI	  value	  from	  the	  calculation	  point	   will	   be	   included	   in	   the	   nonlocal	   calculation	   for	   that	   point.	   	   The	   assessment	   of	   which	  elements	  to	  include	  is	  based	  on	  the	  original	  undeformed	  geometry	  of	  the	  mesh	  layout	  and	  not	  the	  deformed	  mesh.	  	  It	  saves	  time	  in	  the	  computation	  to	  assess	  the	  relevant	  elements	  only	  at	  the	  start	  of	  the	  analysis	  or	  when	  the	  RI	  value	  is	  changed	  and	  not	  at	  the	  start	  of	  every	  increment	  or	  iteration.	  	  This	  is	  a	  limitation	  when	  RI	  is	  specified	  for	  use	  in	  large	  displacement	  analyses.	  	  Large	  displacement	   analyses	   can	   place	   different	   elements	  within	   the	   radius	   of	   influence	   during	   the	  
	  	   194	  
course	   of	   the	   analysis	   making	   the	   original	   assessment	   unsuitable.	   	   However	   this	   is	   not	  applicable	  to	  the	  analyses	  presented	  in	  this	  thesis,	  as	  they	  are	  all	  small	  displacement	  analyses.	  The	  time	  saving	  benefits	  of	  this	  parameter	  will	  be	  discussed	  in	  Section	  5.2.1.	  	  If	  RI	  is	  not	  set	  then	  all	  elements	  will	  be	  included	  in	  the	  calculation	  of	  the	  nonlocal	  strains.	  In	   summary,	   three	   nonlocal	   strain	   softening	  methods	   have	   been	   implemented	   in	   ICFEP	   for	   a	  Tresca	  and	  a	  Mohr-­‐Coulomb	  constitutive	  model.	   	  They	  require	  the	  specification	  of	  the	  internal	  length	  and	  nonlocal	  plastic	  limits	  to	  define	  residual	  and	  peak	  strength.	  	  The	  alpha	  parameter	  is	  required	   when	   employing	   the	   over-­‐nonlocal	   algorithm	   and	   should	   be	   specified	   as	   1.0	   if	   the	  original	  nonlocal	  formulation	  is	  required.	  	  RI	  is	  an	  optional	  parameter	  that	  can	  be	  set	  to	  increase	  numerical	  efficiency	  of	  the	  analyses.	  	  
4.3.2. Simple	  Shear	  The	  simple	  shear	  analyses	  performed	  here	  shear	  a	  sample	  of	  soil	  whilst	  allowing	  no	  change	  in	  volume	   due	   to	   the	   prescribed	   boundary	   displacements,	   to	   produce	   a	   uniform	   distribution	   of	  strain	   within	   all	   elements.	   	   This	   will	   confirm	   the	   ability	   of	   the	   nonlocal	   model	   to	   transform	  strain	  and	  provide	  an	   initial	   assessment	  of	   their	  mesh	  dependence	   in	   comparison	   to	   the	   local	  strain	   softening	  methods.	   	   The	   boundary	   conditions	   imposed	   in	   these	   analyses	   are	   shown	   in	  Figure	   4.12(a).	   	   No	   vertical	   displacement	   is	   permitted.	   	   An	   equal	   distribution	   of	   horizontal	  displacements	  is	  applied	  along	  each	  vertical	  side	  of	  the	  mesh	  to	  shear	  the	  sample,	  as	  shown	  in	  Figure	  4.12(a),	  and	  a	  constant	  value	  of	  horizontal	  displacement	  along	  the	  top	  boundary.	  	  This	  is	  a	  two	  dimensional	  analysis	  in	  plane	  strain.	  	  The	  employed	  meshes	  are	  all	  1m	  by	  1m	  square	  with	  varying	  element	  sizes	  as	  shown	  in	  Figure	  4.13.	   	  These	  meshes	  will	  be	  referred	  to	  as	  the	  single	  element,	   100	   elements	   and	   400	   elements	  meshes.	   	   No	   change	   in	   volume	   is	   permitted	   by	   the	  imposed	   boundary	   conditions.	   	   Drained	   soil	   properties	   are	   specified	   for	   strength,	   using	   the	  London	   Clay	   cutting	   soil	   properties	   from	   the	   analyses	   in	   Chapter	   3	   and	   a	   Mohr	   Coulomb	  constitutive	  model.	  	  Details	  of	  the	  soil	  properties	  can	  be	  found	  in	  Table	  4.1.	  	  	  In	   addition	   to	   the	   three	   nonlocal	   methods,	   both	   the	   local	   strain	   softening	   methods,	   the	  displacement	   (d)	   method	   and	   the	   percentage	   strain	   (E)	   method	   will	   be	   used	   in	   this	   set	   of	  analyses.	  	  The	  peak	  and	  residual	  strain	  limits	  that	  define	  the	  beginning	  and	  end	  of	  softening	  for	  the	   local	   percentage	   strain	   method	   are	   specified	   as	   5%	   and	   20%.	   	   The	   displacement	   values	  limiting	  the	  softening	  of	  strength	  are	  calculated	  as	  5%	  and	  20%	  of	  the	  diagonal	  length	  of	  the	  1m,	  one	  element	  mesh,	  with	  values	  of	  0.070701m	  and	  0.28284m.	  	  The	  5%	  and	  20%	  strain	  limits	  are	  also	  employed	  as	   the	  nonlocal	  strain	   limits	   for	   the	  nonlocal	  models.	   	  To	  compare	  the	  nonlocal	  methods	   the	   same	   internal	   length,	   DL,	   of	   1.0	   is	   employed	   for	   all	   analyses	   with	   no	   radius	   of	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influence	  RI	  specified.	  	  	  This	  DL	  is	  selected	  in	  reference	  to	  the	  largest	  element	  size	  employed.	  	  All	  of	  the	  three	  different	  nonlocal	  methods	  will	  be	  used.	  	  The	  original	  nonlocal	  method	  will	  be	  used	  by	   specifying	   α	   =	   1.0,	   see	   Section	   4.3.1.	   	   The	   G&S	   nonlocal	   strain	   softening	  method	   does	   not	  require	  any	  additional	   inputs.	   	  The	  over-­‐nonlocal	  method	  will	  be	  used	   for	   two	  values	  of	  alpha	  1.5	   and	  2.0,	   given	   that	   these	   are	   close	   to	   the	   values	   recommended	   in	   the	   literature	   (Jostad	  &	  Grimstad,	  2011;	  Vermeer	  &	  Brinkgreve,	  1994).	  	  
	  
Figure	   4.12	   Boundary	   Conditions	   and	   Imposed	   Displacement	   for	   Simple	   Shear	   and	   Biaxial	   Compression	  
Analyses	  	  
	  
Figure	  4.13	  Mesh	  Layouts	  for	  Simple	  Shear	  Analyses	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The	  results	  will	  be	  presented	   in	  Section	  4.4	  as	   the	  progression	  of	  accumulated	  effective	  stress	  versus	   total	   accumulated	   deviatoric	   strain.	   	   The	   simple	   shear	   conditions	   impose	   a	   uniform	  stress	  field	  and	  the	  soil	  response	  at	  one	  point	  is	  representative	  of	  the	  overall	  response.	  	  Once	  the	  peak	  strength	   limit	   is	  reached,	  the	  material	  softens	  with	   increasing	  strain.	   	  The	  stress	  that	  the	  material	  can	  carry	  will	  reduce	  until	  the	  residual	  strength	  of	  the	  material	  is	  reached.	  	  The	  strain	  experienced	  by	  the	  material	  will	  continuously	  increase	  as	  it	  is	  sheared.	  	  The	  graph	  is	  therefore	  expected	  to	  initially	  increase,	  continue	  at	  a	  plateau	  whilst	  the	  peak	  strength	  is	  applied	  and	  then	  reduce	   to	  a	  plateau	  when	  residual	   strain	   is	   reached.	   	  There	  will	  be	  no	  concentration	  of	   strain	  and	  therefore	  no	  formation	  of	  a	  slip	  surface	  for	  comparison	  purposes.	  	  	  	  
4.3.3. Biaxial	  Compression	  The	   biaxial	   compression	   analyses	   compress	   a	   quadrilateral	   mesh	   from	   two	   opposing	   sides,	  whilst	   leaving	   the	   two	   other	   opposing	   sides	   free	   to	   deform	   but	   under	   a	   specified	   confining	  pressure.	   	  Part	  of	   the	  soil	   is	   squeezed	  out	  of	   the	  sides	   that	  are	   free	   to	  deform.	   	  This	   creates	  a	  bifurcation	  of	  the	  material,	  a	  slip	  surface,	  and	  permits	  an	  assessment	  of	  the	  local	  and	  nonlocal	  strain	  softening	  models	  to	  regulate	  slip	  surface	  formation	  and	  strain	  concentration	  for	  a	  simple	  analysis.	   	   The	   two	   lines	  of	   symmetry	  of	   the	  problem	  permit	   a	   quarter	   of	   it	   to	  be	   analysed,	   as	  shown	   in	   Figure	  4.14.	   	   The	  use	   of	   a	   quarter	   of	   the	   full	   problem,	   Figure	  4.14(b),	   is	   justified	   in	  Section	   4.5.5.	   	   The	   boundary	   conditions	   imposed	   in	   the	   quarter	   set	   of	   analyses	   are	   shown	   in	  Figure	  4.12(b)	  and	  Figure	  4.14(b).	   	  A	   confining	  pressure	   is	   imposed	  on	   the	  displacement	   free	  vertical	   boundary.	   	   It	   was	   found	   to	   be	   unnecessary	   to	   include	   the	   stiff	   platens	   employed	   by	  Galavi	   &	   Schweiger	   (2010)	   to	   introduce	   inhomogeneous	   strain.	   	   Restricting	   the	   horizontal	  displacement	   of	   the	   top	   horizontal	  mesh	   boundary	   in	   Figure	   4.12(b)	  was	   sufficient	   for	   a	   slip	  surface	   to	   form,	   as	   shown	   in	   Figure	   4.15	   by	   (a)	   the	   deformed	  mesh	   and	   (b)	   the	   incremental	  displacement	  vector	  plot	  for	  a	  quarter	  of	  the	  full	  problem.	  These	   analyses	   will	   also	   compare	   the	   mesh	   dependence	   of	   the	   strain	   softening	   models	   by	  performing	   all	   analyses	  with	   three	  meshes	   containing	   different	   square	   element	   sizes.	   	   All	   the	  meshes	   are	   1m	   by	   1m	   containing	   100	   elements	   (10x10),	   400	   elements	   (20x20)	   and	   1600	  elements	   (40x40),	   as	   shown	   in	  Figure	  4.16.	   	  The	  80x80	  mesh	  used	   in	   the	   investigation	  of	   the	  alpha	   parameter	   in	   Section	   4.5.4,	   is	   not	   shown	   in	   Figure	   4.16,	   but	   contains	   0.0125m	   square	  elements	  in	  a	  1m	  by	  1m	  square	  mesh.	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Figure	  4.14	  Lines	  of	  Symmetry	  for	  the	  Biaxial	  Compression	  Analyses	  permitting	  a	  quarter	  of	  the	  problem	  to	  
be	  analysed	  	  	  
	  
Figure	  4.15	  Demonstration	   of	  mesh	  deformation	  during	   biaxial	   compression	   analysis,	   after	   0.02m	  vertical	  
displacement,	  undrained	  analysis	  with	  a	  10x10	  mesh.	  (a)	  Displaced	  shape	  of	  mesh	  (b)	  Displacement	  vectors	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Figure	  4.16	  Mesh	  Layouts	  for	  Biaxial	  Compression	  Analyses	  	  The	  two	  local	  strain	  softening	  methods,	  the	  original	  nonlocal	  (α	  =	  1.0),	  the	  G&S	  nonlocal	  method	  and	  the	  over-­‐nonlocal	  method	  will	  be	  used.	  	  Initially	  the	  alpha	  method	  is	  used	  with	  α	  =	  1.5	  and	  2.0,	  as	  selected	  for	  the	  simple	  shear	  analyses.	  	  The	  value	  of	  α	  is	  explored	  further	  in	  Section	  4.4.4.	  	  In	  all	  the	  biaxial	  compression	  nonlocal	  analyses	  in	  this	  chapter,	  a	  value	  of	  0.1m	  is	  used	  for	  the	  defined	  length	  parameter,	  DL.	  	  The	  chosen	  DL	  is	  equal	  to	  the	  largest	  element	  size,	  10x10	  mesh,	  Figure	  4.16(a).	   	  The	  radius	  of	   influence,	  RI	   is	  set	   to	  0.4m.	   	  Given	  the	  exponential	  nature	  of	   the	  weighting	  distributions,	  limiting	  the	  reference	  strains	  to	  4	  times	  DL	  by	  specifying	  RI	  as	  0.4m	  is	  considered	  to	  provide	  sufficient	  accuracy.	  	  This	  is	  confirmed	  with	  referral	  to	  Figure	  4.1(a),	  at	  a	  distance	  of	  4	  multiples	  of	  the	  DL	  (4	  on	  the	  distance	  axis	  as	  DL=1.0)	  the	  contribution	  to	  strain	  is	  almost	   zero.	   	   The	   effects	   of	   varying	   the	   internal	   length	   and	   the	   radius	   of	   influence	   will	   be	  explored	  in	  Chapter	  5,	  once	  a	  nonlocal	  strain	  softening	  method	  has	  been	  chosen.	  The	  chosen	  nonlocal	  method	  will	  be	  the	  one	  that	  exhibits	  the	  least	  mesh	  dependence.	  	  The	  mesh	  dependence	   of	   the	   analyses	  will	   be	   assessed	   by	   comparison	   of	   the	   load	   versus	   displacement	  graphs	  and	  the	  distribution	  of	  plastic	  strains	  for	  different	  meshes	  using	  the	  same	  method.	  	  The	  reaction	   load	   will	   be	   measured	   at	   the	   top	   of	   the	   mesh.	   	   The	   displacement	   will	   be	   the	  accumulated	  value	   imposed	  on	   the	   top	  of	   the	  mesh.	   	  When	   this	   causes	   a	   slip	   surface	   to	   form,	  with	  increasing	  strain	  along	  this	  bifurcation	  the	  material	  softens,	  the	  load	  that	  it	  can	  carry	  will	  reduce	  until	  the	  residual	  strength	  of	  the	  material	  is	  reached.	  	  A	  comparison	  of	  the	  distribution	  of	  strain	   for	   different	   analyses	   can	   be	   made	   either	   by	   comparing	   plots	   of	   the	   strain	   contours,	  Figure	   4.17	   (a)	   or	   by	   plotting	   the	   strain	   for	   a	   cross	   section	   of	   the	  mesh	   to	   directly	   compare	  values	  on	  the	  same	  graph,	  as	  illustrated	  by	  Figure	  4.17(b).	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Figure	  4.17	  Illustration	  to	  show	  two	  forms	  of	  representing	  the	  slip	  surface	  formation	  in	  a	  biaxial	  compression	  analysis.	  (a)	  distribution	  of	  accumulated	  plastic	  deviatoric	  
strain	   contours	   (b)	   graph	   representing	   the	   accumulated	   plastic	   deviatoric	   strain	   for	   a	   cross	   section	   of	   the	   analysis.	   Analysis	   employing	   the	   local	   percentage	   strain	  
softening	  method	  for	  undrained	  biaxial	  compression	  with	  a	  10x10	  mesh	  after	  0.04m	  of	  applied	  vertical	  displacement.	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Table	  4.1	  Soil	  properties	  and	  Nonlocal	  model	  parameters	  for	  simple	  shear	  analyses	  Soil	  Property	  /	  Model	  Parameter	   Assumed	  Value	  for	  Confined	  Analyses,	  	  Simple	  Shear	  Bulk	  Unit	  weight,	  γ	   18.8kN/m3	  Peak	  strength	  (bulk)	   c’	  =	  7kPa,	  	  	  	  	  	  	  	  	  	  φ’=20o	  Residual	  strength	   c’	  =	  2kPa,	  	  	  	  	  	  	  	  	  	  φ’=13o	  Plastic	  Strain	  Limits,	  εp*	  :	  	  percentage	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  displacement	  	  	  	  	  	  	  	  	  	  	  	  investigation	  of	  displacement	  limits	  
	  	  	  	  	  	  peak:	  5%,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  residual:	  20%	  	  	  	  	  	  	  peak:	  0.07071m	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  residual:	  0.28284m	  	  	  	  	  	  	  peak:	  0.007071m	  &	  0.0035355m	  residual:	  0.028284m	  &	  0.14142m	  Poisson’s	  ratio,	  μ	   0.2	  Young’s	  modulus,	  E	   2	  500kPa	  	  Angle	  of	  dilation,	  ψ	   0°	  Characteristic	  or	  Defined	  length	   1.0	  Radius	  of	  Influence	   Not	  defined	  	  (all	  strains	  included	  in	  nonlocal	  calculations)	  Alpha,	  α	  	  (for	  Over-­‐nonlocal	  analyses	  only)	   1.5	  or	  2.0	  	  
Table	  4.2	  Soil	  properties	  and	  Nonlocal	  model	  parameters	  for	  undrained	  biaxial	  compression	  analyses	  Soil	  Property	  /	  Model	  Parameter	   Assumed	  Value	  for	  Undrained	  Analyses,	  	  Biaxial	  Compression	  	  Bulk	  Unit	  weight,	  γ	   18.8kN/m3	  Peak	  undrained	  strength,	  Sup	   100kPa	  Residual	  undrained	  strength,	  Sur	   50kPa	  Plastic	  Strain,	  ε:	  	  percentage	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  displacement	   peak	  0%,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  residual	  15%	  peak	  0.0m,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  residual	  0.02121320m	  Poisson’s	  ratio,	  μ	   0.49	  Young’s	  modulus,	  E	   50	  000kPa	  Characteristic	  or	  Defined	  length	   0.1	  Radius	  of	  Influence	   0.4	  Alpha,	  α	  	  (for	  Over-­‐nonlocal	  analyses	  only)	   1.5	  or	  2.0	  (for	  main	  analyses)	  1.25,	  1.75,	  2.25	  (for	  additional	  alpha	  investigation)	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Table	  4.3	  Soil	  properties	  and	  Nonlocal	  model	  parameters	  for	  drained	  biaxial	  compression	  analyses	  with	  φ’	  
softening	  only	  Soil	  Property	  /	  Model	  Parameter	   Assumed	  Value	  for	  Drained	  Analyses,	  	  Biaxial	  Compression	  with	  φ’	  only	  softening	  Bulk	  Unit	  weight,	  γ	   18.8kN/m3	  Peak	  undrained	  strength,	  φ’	  p	   φ’	  =25°	  	  	  	  	  	  	  	  	  	  	  	  	  c’=0	  Residual	  undrained	  strength,	  φ’	  r	   φ’	  =10°	  	  	  	  	  	  	  	  	  	  	  	  	  c’=0	  Plastic	  Strain,	  ε:	  	  percentage	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  displacement	   peak	  0%,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  residual	  15%	  peak	  0.0m,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  residual	  0.02121320m	  Poisson’s	  ratio,	  μ	   0.2	  Young’s	  modulus,	  E	   50	  000kPa	  Angle	  of	  dilation,	  ψ	   0°	  Characteristic	  or	  Defined	  length	   0.1	  Radius	  of	  Influence	   0.4	  Alpha,	  α	  	  (for	  Over-­‐nonlocal	  analyses	  only)	   1.5	  or	  2.0	  	  
Table	  4.4	  Soil	  properties	  and	  Nonlocal	  model	  parameters	  for	  drained	  biaxial	  compression	  analyses	  with	  φ’	  
and	  c’	  softening.	  Soil	  Property	  /	  Model	  Parameter	   Assumed	  Value	  for	  Drained	  Analyses,	  	  Biaxial	  Compression	  with	  φ’	  and	  c’	  softening	  Bulk	  Unit	  weight,	  γ	   18.8kN/m3	  Peak	  strength	  (bulk)	   φ’=20o,	  	  	  	  	  	  	  	  	  	  	  	  c’	  =	  7kPa	  	  Residual	  strength	   φ’=13o,	  	  	  	  	  	  	  	  	  	  	  	  c’	  =	  2kPa	  Plastic	  Strain,	  ε	   peak	  5%,	  	  	  	  	  	  	  	  residual	  20%	  Poisson’s	  ratio,	  μ	   0.2	  Young’s	  modulus,	  E	   2	  500kPa	  Angle	  of	  dilation,	  ψ	   0°	  Characteristic	  or	  Defined	  length	   0.1	  Radius	  of	  Influence	   0.4	  Alpha,	  α	  	  (for	  Over-­‐nonlocal	  analyses	  only)	   1.5	  or	  2.0	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 Simple	  Shear	  Results	  4.4.The	  single	  element	  mesh	  gave	  identical	  results	  for	  all	  the	  different	  nonlocal	  methods	  and	  very	  similar	  results	  when	  employing	  the	  two	  local	  strain	  softening	  models,	  Figure	  4.18.	  	  The	  nonlocal	  methods	  continue	  to	  give	  identical	  results	  for	  the	  100	  and	  400	  element	  meshes,	  as	  can	  be	  seen	  in	  Figure	  4.19	  and	  Figure	  4.20.	   	  This	  is	  the	  expected	  result,	  given	  that	  the	  uniform	  distribution	  and	  therefore	  input	  of	  strain	  throughout	  the	  mesh	  during	  a	  simple	  shear	  analysis	  will	  lead	  to	  the	  calculation	  of	  an	  identical	  nonlocal	  strain	  value.	  If	  all	  the	  inputs	  to	  the	  calculation	  of	  the	  strain	  are	  identical	  and	  the	  integral	  of	  the	  weighting	  distribution	  is	  equal	  to	  1	  then	  the	  output	  will	  be	  identical	  to	  the	  input.	  	  This	  is	  true	  for	  the	  Gaussian	  and	  G&S	  weighting	  distributions,	  Equations	  (4.2)	   and	   (4.4)	   respectively.	   	   It	   was	   specified	   as	   a	   requirement	   for	   the	   nonlocal	   methods	   to	  ensure	   that	   the	   nonlocal	   operator	   does	   not	   alter	   a	   uniform	   field	   (Bažant	   &	   Jirásek,	   2002).	  	  Additionally,	  this	  means	  that	  the	  value	  specified	  for	  the	  defined	  length,	  DL	  also	  has	  no	  effect	  on	  the	  results.	  	  	  The	  thicker	  line	  representing	  the	  Nonlocal	  G&S	  method	  in	  Figure	  4.18	  illustrates	  the	  similarity	  of	   the	   nonlocal	   method	   with	   the	   local	   percentage	   strain	   model.	   	   Plotting	   a	   line	   of	   the	   same	  thickness	   would	   mean	   the	   nonlocal	   results	   would	   not	   be	   visible	   in	   the	   plot.	   	   The	   original	  nonlocal	   and	  over-­‐nonlocal	   results	   are	  plotted	   as	   thicker	   lines	   in	  Figure	  4.19	   and	  Figure	  4.20	  respectively	  to	  illustrate	  that	  they	  have	  identical	  results	  to	  the	  nonlocal	  G&S	  method.	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Figure	  4.19	  Simple	  Shear,	  100	  element	  mesh	  with	  analyses	  employing	  all	  Strain	  Softening	  options	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Figure	   4.21	   Comparison	   of	   Local	   and	   Nonlocal	   Strain	   softening	   methods	   to	   illustrate	   mesh	   dependency	   of	   the	   strain	   softening	   methods	   for	   simple	   shear	   analyses	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Conversely,	  the	  results	  for	  the	  local	  strain	  softening	  models	  are	  inconsistent.	  	  For	  the	  1	  element	  analyses	  the	  local	  results	  are	  very	  similar	  although	  not	  identical	  to	  the	  nonlocal.	   	  For	  instance,	  the	   residual	   effective	   stress	   for	   the	   analysis	   employing	   the	   displacement	   strain	   softening	   is	  marginally	   higher.	   	  When	   simple	   shear	   conditions	   are	   applied	   to	   the	  meshes	   containing	   100	  elements	  or	  400	  elements	  the	  local	  results	  do	  not	  match	  the	  nonlocal	  strain	  softening	  analyses	  far	  past	  the	  initiation	  of	  softening,	  when	  the	  effective	  stress	  begins	  to	  reduce.	  	  The	  local	  analyses	  do	  not	  have	  convergence	  of	  load	  and	  a	  solution	  to	  the	  finite	  element	  equations	  is	  not	  found.	  	  This	  is	  an	  example	  of	  the	  convergence	  problems	  mentioned	  in	  Section	  3.3.3.	   	   If	  the	  results	  of	  single	  element	  tests	  were	  relied	  upon	  for	  assessing	  the	  soil	  properties	  with	  the	  local	  strain	  softening	  models,	   these	   convergence	   issues	   would	   not	   be	   discovered.	   	   When	   mesh	   dependence	   is	  suspected,	  element	  tests	  should	  be	  performed	  with	  meshes	  of	  multiple	  elements.	  In	   addition	   to	   convergence	   problems,	   the	   results	   for	   the	   local	   displacement	   strain	   softening	  method	  also	  exhibit	  mesh	  dependence,	  but	  the	  percentage	  strain	  softening	  results	  do	  not.	   	  The	  percentage	   strain	   softening	   results	   begin	   softening	   at	   the	   same	   point	   as	   the	   nonlocal	   strain	  softening	   analyses	   regardless	   of	   the	  mesh	   employed	   and	   corresponding	   variation	   in	   element	  size.	  	  The	  softening	  point	  of	  the	  displacement	  strain	  softening	  method	  analyses	  does	  depend	  on	  the	  element	  size.	   	  Figure	  4.21	  compares	  the	  results	   for	  the	  G&S	  nonlocal	  method	  analyses	  and	  the	  two	  local	  strain	  softening	  model	  analyses	  for	  all	  three	  mesh	  discretisations.	  	  	  The	  peak	  and	  residual	   strain	   that	   define	   the	   beginning	   and	   end	   of	   softening	   for	   the	   local	   percentage	   strain	  method	   are	   specified	   as	   5%	   and	   20%.	   	   The	   displacement	   values	   limiting	   the	   softening	   of	  strength	  were	  initially	  calculated	  as	  5%	  and	  20%	  of	  the	  diagonal	  length	  of	  the	  1m,	  one	  element	  mesh	   with	   values	   of	   0.070701m	   and	   0.28284m.	   	   These	   displacements	   are	   employed	   for	   the	  three	   analyses	   presented	   in	   Figure	   4.21(b).	   	   The	   softening	   point	   of	   the	   displacement	   strain	  softening	  analyses	  is	  different	  in	  all	  three	  analyses.	  	  Results	  from	  a	  further	  investigation	  of	  the	  influence	  of	  the	  displacement	  values	  specified	  for	  the	  local	   displacement	   strain	   softening	   are	  presented	   in	   Figure	  4.22.	   	   The	   softening	   limits	   for	   the	  displacement	   method	   are	   linked	   to	   a	   specific	   displacement.	   	   As	   described	   in	   Figure	   3.4,	   the	  specified	  displacement	  is	  related	  to	  strain	  using	  the	  change	  in	  length	  of	  the	  diagonal	  lengths	  of	  the	   quadrilateral	   elements.	   	   Figure	   4.22(b)	   and	   (c)	   illustrate	   that	   for	   the	   same	   set	   of	  displacement	   values	   limiting	   material	   softening,	   the	   softening	   point	   varies	   with	   the	   mesh	  employed.	  	  The	  softening	  point	  does	  match	  for	  analyses	  where	  the	  displacement	  and	  mesh	  size	  have	  the	  same	  ratio,	  Figure	  4.22	  (d).	   	  A	  peak	  displacement	  value	  of	  0.07071	  and	  a	  1m	  element	  matches	  the	  results	   for	  a	  0.1m	  element	  mesh	  with	  one	  tenth	  of	   the	  displacement	  and	  a	  0.05m	  element	  mesh	  with	  displacements	  one	  twentieth	  of	   the	  value	   for	   the	  1m	  single	  element	  mesh.	  	  These	   elements	   are	   only	   experiencing	   shear	   strain.	   	   The	   deformation	   of	   the	   elements	   and	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therefore	  the	  change	  in	  length	  of	  the	  diagonal	  length	  of	  each	  element	  is	  related	  to	  the	  element	  size	   at	   the	   same	   applied	   displacement.	   	   The	   mesh	   dependency	   of	   the	   method	   is	   therefore	  expected	  for	  analyses	  creating	  a	  uniform	  shear	  strain.	  	  This	   investigation	  makes	   it	   apparent	   that	   for	   a	   simple	   shear	   analysis,	   the	   local	   displacement	  method	   is	  mesh	  dependent	   and	   suffers	   from	  convergence	   issues.	   	   The	   local	   percentage	   strain	  model	  is	  not	  mesh	  dependent,	  but	  does	  suffer	  from	  convergence	  issues.	  	  The	  nonlocal	  model	  is	  mesh	   independent	   for	   simple	   shear	   analyses,	   but	   this	   format	   of	   analysis	   does	   not	   provide	   a	  means	  of	  differentiating	  between	  the	  three	  nonlocal	  methods.	  In	  Figures	  4.18	  to	  4.20	  the	  nonlocal	  plastic	  strain	  is	  used	  to	  calculate	  the	  total	  strain	  for	  nonlocal	  analyses	  instead	  of	  the	  local	  plastic	  strain.	   	  In	  terms	  of	  softening,	  this	  agreement	  indicates	  that	  the	  rate	  of	  softening	  is	  unaffected	  by	  the	  strain	  softening	  model	  for	  a	  uniform	  strain	  field.	  	  The	  nonlocal	   total	   strain	   values	   agree	  with	   the	   analyses	   employing	   a	   local	   strain	   softening	  model.	  	  The	   strain	   limits	   for	   peak	   and	   residual	   softening	   are	   specified	   in	   terms	   of	   the	   local	   plastic	  deviatoric	   strain	   for	   the	   local	   percentage	   strain	   and	   nonlocal	   plastic	   strain	   for	   the	   nonlocal	  models.	   	  The	  values	  employed	  are	  given	   in	  Table	  4.1.	  The	  strain	  values	  at	  which	  the	  peak	  and	  residual	   plateaus	   are	   reached	   will	   be	   slightly	   higher	   on	   the	   total	   strain	   axis	   than	   the	   plastic	  strain	   limits	  as	   total	  strain	   is	   the	  sum	  of	  elastic	  and	  plastic	  strains.	   	  For	  the	  nonlocal	  analyses,	  the	  total	  strain	  was	  calculated	  by	  summing	  the	  elastic	  and	  the	  nonlocal	  plastic	  strains.	  	  The	  local	  strains	   are	   employed	   to	   calculate	   the	   nonlocal	   strains	   and	   given	   the	   uniform	   strain	   field,	   the	  point	  of	  softening	  should	  coincide	   for	  both	  definitions	  of	   total	  strain.	   	  However,	   the	   local	   total	  strain	   has	   a	   shallower	   gradient	   for	   the	   softening	   arm	   of	   the	   graph.	   	   The	   nonlocal	   total	   strain	  result	   for	   the	  G&S	  method	   from	  Figure	  4.18	   is	  compared	   to	   the	   local	   total	   strain	   for	   the	  same	  analysis	  in	  Figure	  4.23.	  	  At	  the	  same	  stage	  of	  imposed	  shear	  displacement,	  the	  nonlocal	  strain	  is	  lower.	  	  This	  is	  visible	  for	  the	  last	  point	  plotted	  in	  Figure	  4.18	  and	  Figure	  4.23.	  	  For	  local	  analyses	  the	  greatest	  strain	  reached	  is	  0.6.	   	  The	  nonlocal	  analyses	  are	  subject	  to	  the	  same	  displacement	  conditions	  for	  this	  last	  point,	  but	  the	  nonlocal	  strain	  is	  always	  less	  than	  0.6.	  	  The	  nonlocal	  strain	  softening	  models	  are	  affecting	   the	   rate	  of	  development	  of	  plastic	   strain	   in	   these	  analyses	   that	  create	  a	  uniform	  field	  of	  shear	  strain.	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Figure	  4.23	  Difference	  between	  Local	  and	  Nonlocal	  Total	  Strain	  results	  for	  a	  simple	  shear	  analysis	  employing	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 Biaxial	  Compression	  Results	  4.5.Biaxial	  compression	  analyses	  were	  run	  to	  study	  the	  new	  nonlocal	  models	  during	  the	  formation	  and	   progression	   of	   a	   slip	   surface.	   	   Undrained	   and	   drained	   analyses	   were	   performed	   with	  varying	  soil	  properties,	  as	  specified	   in	  Tables	  4.2	   to	  4.4.	   	   	  These	  analyses	  seek	  to	  compare	  the	  different	   strain	   softening	   models,	   including	   the	   three	   nonlocal	   methods,	   under	   different	  conditions.	  The	  results	  will	   therefore	  be	  discussed	   in	  groups	  that	  use	  the	  same	  soil	  properties	  and	   type	   of	   analyses.	   	   The	   three	   groups	   are	   the	   undrained	   analyses	   with	   Su	   softening,	   the	  drained	   analyses	   with	   φ’	   softening	   only	   and	   lastly	   the	   drained	   analyses	   with	   both	   φ’	   and	   c’	  softening.	   	  Results	  of	   the	  analyses	  employing	   the	  over-­‐nonlocal	  method	   indicated	   that	   further	  scrutiny	  of	  this	  method	  would	  be	  required;	  results	  are	  presented	  in	  Section	  4.5.4.	  	  The	  assumed	  format	  of	  the	  analyses	  presented	  in	  this	  chapter,	  to	  represent	  a	  quarter	  of	  a	  1	  to	  1	  ratio	  biaxial	  compression	  problem	  without	  seeding,	  will	  also	  be	  evaluated.	  	  
4.5.1. Undrained,	  Su	  softening	  A	   Tresca	   strain	   softening	   constitutive	   model	   was	   used	   for	   this	   set	   of	   analyses	   with	   soil	  properties	  specified	  in	  Table	  4.2.	  	  These	  biaxial	  compression	  analyses	  further	  confirm	  the	  mesh	  dependence	   of	   the	   existing	   local	   strain	   softening	   options.	   	   In	   Figure	   4.24,	   the	   load	   versus	  displacement	   graph	   shows	   that	   the	   local	   percentage	   strain	   and	   displacement	   strain	   softening	  models	  give	  very	  similar	  results	  for	  the	  10x10	  mesh.	   	  A	  very	  close	  match	  for	  the	  two	  methods	  and	   this	  mesh	  would	   be	   expected	   because	   the	   strain	   limits	   for	   the	   displacement	  method	   are	  based	  on	  the	  10x10	  mesh	  element	  size.	  	  The	  displacement	  values	  specified	  in	  the	  displacement	  strain	  softening	  method	  are	  5%	  and	  20%	  of	  the	  diagonal	  length	  of	  the	  0.1m	  elements	  in	  a	  10x10	  mesh.	   	  The	   local	  percentage	  strain	  softening	  method	  gives	  a	  different	   result	   for	   the	  other	   two	  meshes	   as	   the	   element	   size	   changes,	   but	   the	   percentage	   strain	   limits	   are	   constant.	   	   For	   this	  method,	  the	  peak	  reaction	  load	  and	  the	  vertical	  displacement	  at	  which	  residual	  strain	  is	  reached	  both	  reduce	  with	  decreasing	  element	  size.	   	  As	  the	  strain	   limits	  controlling	  strain	  softening	  are	  dependent	  on	  the	  element	  size	  in	  this	  method,	  it	  is	  expected	  for	  a	  smaller	  element	  size	  to	  result	  in	   earlier	   and	   faster	   softening	  of	   the	  material.	   	   Schädlich	   (2012)	   also	   found	   that	   a	   finer	  mesh	  caused	  faster	  softening	  for	  unregulated	  analyses.	  The	  results	  for	  the	  10x10	  and	  20x20	  meshes	  with	  local	  displacement	  strain	  softening	  are	  similar	  but	   the	   40x40	   mesh	   gives	   a	   dissimilar	   result	   with	   a	   higher	   peak	   and	   residual	   load.	   	   As	   the	  softening	   is	   linked	   to	   the	   same	   displacements	   for	   all	   analyses,	   the	   difference	   cannot	   be	  attributed	  to	  the	  size	  dependence	  of	  softening	  limits	   in	  the	  same	  way	  as	  the	  percentage	  strain	  method.	   	   Instead	  the	  differences	  can	  be	  explained	  by	  the	  pattern	  of	   the	  slip	  surfaces	  shown	  in	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Figure	  4.25(a)	   to	   (c).	   	  The	  40x40	  mesh,	  Figure	  4.25	   (c),	   shows	   the	  development	  of	  a	   split	   slip	  surface,	  which	   could	   cause	   the	   slower	   rate	  of	   softening	   shown	   in	  Figure	  4.24.	   	  An	   increase	   in	  strain	  would	  be	  divided	  between	  the	  two	  slip	  surfaces	  causing	  a	  smaller	  reduction	  in	  strength	  on	  both	  surfaces	  for	  the	  same	  imposed	  vertical	  displacement.	  The	  width	   of	   the	   slip	   surfaces	   that	   develop	   for	   each	   analysis	   could	   also	   influence	   the	   results.	  	  	  Figure	  4.26(a),	  (b)	  and	  (c)	  illustrate	  the	  mesh	  dependency	  of	  the	  slip	  surface	  thickness	  for	  the	  3	  local	   results	   employing	   the	   local	   percentage	   strain	   model.	   	   This	   mirrors	   results	   for	   the	  displacement	   strain	   softening	   model,	   Figure	   4.25(a),	   (b)	   and	   (c).	   The	   thickness	   of	   the	   slip	  surface	  is	  affected	  by	  the	  location	  of	  the	  integration	  points	  and	  therefore	  the	  element	  size.	  	  For	  strain	  softening	   finite	  element	  analyses,	   the	  shear	  surface	   is	  expected	   to	  concentrate	  between	  two	  element	  nodes,	  within	  half	  an	  element	  in	  this	  case	  (Potts	  et	  al.,	  1997)	  This	  accounts	  for	  the	  reduction	  in	  width	  of	  the	  30%	  strain	  contour	  as	  element	  size	  reduces,	  (a)	  to	  (c)	  in	  Figure	  4.25	  and	  Figure	  4.26.	  	  The	  redistribution	  of	  strain	  provided	  by	  the	  nonlocal	  algorithms	  prevents	  the	  concentration	  of	  strain	  between	  two	  neighbouring	  integration	  points	  and	  therefore	  reduces	  the	  mesh	  dependence	  of	   the	  slip	  surface	   thickness.	   	  The	  slip	  surfaces	  presented	   in	  Figure	  4.26(d),	  (e)	  and	  (f)	  for	  the	  G&S	  method	  show	  a	  similar	  slip	  surface	  thickness	  for	  all	  mesh	  discretisations.	  	  	  The	  three	  nonlocal	  strain	  softening	  methods	  all	  exhibit	  significantly	  less	  mesh	  dependency	  than	  the	  local	  methods,	  as	  shown	  by	  the	  load	  displacement	  graphs	  in	  Figure	  4.27.	  	  	  The	  over-­‐nonlocal	  with	   α	   =	   1.5	   shows	   the	   least	  mesh	   dependence,	   Figure	   4.27(e),	   followed	   by	   the	  G&S	  method,	  Figure	   4.27(d).	   	   However,	   surprisingly	  when	   a	   value	   of	   α	   =	   2.0	   is	   used	   for	   the	   over-­‐nonlocal	  method,	   the	  40x40	  mesh	  produces	  a	  sudden	  premature	  softening	  of	   the	  material	  compared	  to	  the	  analyses	  employing	  the	  meshes	  with	  larger	  elements,	  Figure	  4.27(f).	  	  This	  phenomenon	  will	  be	  investigated	  in	  Section	  4.5.4.	  The	  nonlocal	  analyses	  delay	  the	  softening	  of	  the	  material	  compared	  to	  the	  local	  analyses.	   	  The	  residual	   plateau	   is	   reached	   later	   than	   the	   local	   analyses	   for	   all	   of	   the	   nonlocal	   analyses.	   	   The	  delay	   in	   softening	   differs	   for	   each	   nonlocal	   method	   and	   depending	   on	   the	   alpha	   parameter	  specified	   for	   the	   over-­‐nonlocal	  method.	   	   Increasing	   the	   value	   of	   alpha	   increases	   the	   required	  vertical	  displacement	   to	   reach	   the	  residual	  plateau.	   	  This	   is	  a	   function	  of	   the	  regularization	  of	  the	  nonlocal	  algorithms	  and	  confirms	  the	  observations	  of	  Jostad	  and	  Grimstad	  (2011)	  discussed	  in	  Section	  4.2.5.	  	  Softening	  is	  slower	  because	  there	  is	  a	  wider	  distribution	  of	  strain	  enforced	  by	  these	  algorithms.	  	  The	  methods	  that	  seek	  to	  reduce	  the	  central	  concentration	  of	  strain	  in	  a	  shear	  band	  by	  increasing	  the	  redistribution	  will	  reduce	  the	  highest	  strains	  and	  therefore	  the	  degree	  of	  softening	  for	  the	  same	  applied	  vertical	  displacement.	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The	  regularization	  of	  the	  plastic	  strains	  is	  shown	  by	  the	  distribution	  of	  plastic	  strains	  plotted	  for	  each	   strain	   softening	   method	   in	   Figure	   4.28.	   	   The	   nonlocal	   methods	   do	   not	   permit	   a	   high	  concentration	  of	  strain	  to	  develop	  compared	  to	  the	  local	  cases	  Figure	  4.28(b).	  	  	  This	  shows	  that	  strain	  regularization	  is	  functioning	  as	  expected.	  	  The	  original	  nonlocal	  strain	  distribution	  has	  the	  highest	   and	   smallest	  distributed	  width	  of	   the	  nonlocal	  methods,	  Figure	  4.28(c).	   	  The	   shape	  of	  the	  G&S	  strain	  distribution	   is	   squatter;	  Figure	  4.28(d),	   and	   the	  over-­‐nonlocal	   results	  are	  even	  wider,	  with	   lower	   strain	   values,	   Figure	   4.28(e).	   	   The	   larger	  width	   of	   the	   slip	   surfaces	   for	   the	  nonlocal	   analyses	   can	   also	   be	   compared	   in	   Figure	   4.25	   and	   Figure	   4.26.	   	   The	   G&S	   nonlocal	  results	  Figure	  4.26(d)	  to	  (f)	  have	  wider	  slip	  surfaces	  than	  the	  local	  methods.	  	  The	  over-­‐nonlocal	  method	  produces	  wider	  and	  lower	  strain	  concentration	  slip	  surfaces	  Figure	  4.25	  (d)	  and	  (e).	  The	   strain	  distributions	   for	   the	  over-­‐nonlocal	  method	  Figure	  4.28	   (e)	  do	  not	   form	   the	  domed	  shape	  exhibited	  by	  the	  original	  nonlocal	  and	  G&S	  nonlocal	  methods,	  Figure	  4.28(c)	  and	  (d).	  	  The	  shape	  has	  more	  of	  a	  flat	  top	  with	  peaks	  at	  edge	  of	  this	  portion,	  which	  is	  similar	  in	  shape	  to	  that	  presented	   in	   Vermeer	  &	   Brinkgreve	   (1994),	   shown	   in	   Figure	   4.5(b)	   and	   discussed	   in	   Section	  4.2.5.	   	  The	   flat	   top	  was	  not	  obtained	   in	   the	  graphical	  presentations	  of	   the	  equations	  shown	   in	  Figure	   4.1(b)	   and	   Figure	   4.4(a).	   	   The	   results	   presented	   in	   Figure	   4.28	   demonstrate	   that	   the	  surface	   representing	   a	   wider	   distribution	   of	   larger	   strains	   is	   produced	   by	   the	   over-­‐nonlocal	  method,	  but	  it	  may	  occur	  only	  under	  certain	  conditions	  such	  as	  the	  inclusion	  of	  strain	  softening	  or	  with	  a	  wide	  distribution	  of	  initial	  local	  strain.	  	  
	  
Figure	   4.24	   Demonstration	   of	   mesh	   dependence	   of	   local	   strain	   softening	   models	   in	   undrained	   biaxial	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Figure	   4.25	   Comparison	   of	   slip	   surface	   development	   for	   local	   displacement	   and	   over-­‐nonlocal	   strain	   softening	  methods	   (α	   =	   2.0),	   showing	   contours	   of	   accumulated	  




Figure	  4.26	  Comparison	  of	  slip	  surface	  development	   for	   local	  percentage	  strain	  and	  nonlocal	  G&S	  strain	  softening	  methods,	  showing	  contours	  of	  accumulated	  plastic	  




Figure	  4.27	  Comparison	  of	  the	  mesh	  dependency	  of	  the	  local	  and	  nonlocal	  strain	  softening	  methods	  in	  an	  undrained	  biaxial	  compression	  test	  (DL=0.1m,	  RI=0.4m).	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Figure	   4.28	   Comparison	   of	   slip	   surface	   development	   for	   undrained	   biaxial	   compression	   analyses	   using	   all	   strain	   softening	   methods.	   Accumulated	   nonlocal	   plastic	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Figure	   4.29	   Development	   of	   strain	   with	   increased	   applied	   vertical	   displacement	   for	   undrained	   biaxial	   compression	   analyses	   employing	   the	   over-­‐nonlocal	   strain	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A	  low	  concentration	  of	  strain	  over	  the	  slip	  surface	  is	  shown	  for	  all	  the	  nonlocal	  analyses	  except	  the	   over-­‐nonlocal	   with	   alpha	   of	   2.0	   and	   the	   40x40	   mesh,	   Figure	   4.28(e).	   	   	   This	   analysis	  corresponds	  to	  the	  analysis	  in	  Figure	  4.27(f),	  which	  underwent	  premature	  and	  severe	  softening.	  	  The	  high	  central	  strain	  confirms	  that	  a	  high	  degree	  of	  softening	  has	  occurred.	  	  The	  contours	  of	  strain	   distribution	   are	   shown	   in	   Figure	   4.25(f)	   after	   0.04m	   imposed	   vertical	   displacement.	  	  Compared	   to	   the	   results	   for	   the	   10x10	  mesh	   Figure	   4.25(d)	   and	   20x20	   element	  mesh	   Figure	  4.25(e),	   the	   width	   of	   the	   slip	   surface	   is	   very	   narrow	   and	   more	   comparable	   to	   the	   local	  displacement	  result	  Figure	  4.25(c).	  	  	  The	   alpha	   of	   2.0	   and	   40x40	   mesh	   analysis	   exhibits	   this	   narrow	   slip	   surface	   behaviour	   from	  before	  0.01m	  of	   imposed	  vertical	  displacement	  and	  onwards,	  shown	  by	  Figure	  4.29.	   	  Both	  the	  local	   plastic	   strain	   and	   nonlocal	   plastic	   strain	   are	   shown	   for	   the	   over-­‐nonlocal	   analyses,	   to	  illustrate	  the	  strong	  influence	  of	  the	  narrow	  local	  strain	  band	  on	  the	  nonlocal	  strain	  result.	  	  The	  over-­‐nonlocal	  results	   for	   the	  10x10	  and	  20x20	  elements	  meshes	  are	  shown	  on	  both	  graphs	  at	  0.04m	   imposed	   vertical	   displacement	   to	   highlight	   the	   difference	   in	   shape	   for	   the	   local	   and	  nonlocal	  plastic	  strain	  distributions	  of	  the	  40x40	  mesh.	  	  The	  time	  of	  occurrence	  corresponds	  to	  the	  drop	   in	  reaction	   load,	  Figure	  4.27(f),	  before	  0.01m	  vertical	  displacement.	   	  The	  slip	  surface	  has	   formed	   during	   a	   couple	   of	   increments	   and	   in	   an	   unregulated	   manner.	   	   This	   implies	   the	  occurrence	  of	  unstable	  results	  with	  the	  use	  of	  higher	  values	  for	  the	  alpha	  parameter	  and	  a	  fine	  mesh.	  	  Section	  4.5.4	  will	  explore	  this	  phenomenon	  in	  more	  detail.	  	  
4.5.2. Drained,	  φ’	  softening	  The	   undrained	   analyses	   were	   repeated	   under	   drained	   conditions	   using	   a	   Mohr-­‐Coulomb	  constitutive	   model	   with	   soil	   properties	   as	   specified	   in	   Table	   4.3.	   	   None	   of	   the	   analyses	  employing	  a	  local	  displacement	  strain	  softening	  model	  converged	  once	  softening	  was	  initiated.	  	  Either	  the	  load	  tolerance	  criterion	  of	  2%	  was	  not	  met	  after	  a	  large	  number	  of	  iterations	  or	  there	  were	  an	  excessive	  number	  of	  flow	  steps.	  	  Attempts	  were	  made	  to	  encourage	  convergence	  of	  the	  solutions.	  	  These	  attempts	  included	  reducing	  the	  size	  of	  the	  displacement	  imposed	  on	  each	  step	  and	   increasing	   the	   number	   of	   permissible	   flow	   steps.	   	   These	   measures	   did	   not	   lead	   to	  convergence	   of	   the	   solution	   and	   therefore	   displacement	   results	   are	   not	   presented	   for	   the	  drained	   biaxial	   compression	   analyses.	   	   This	   illustrates	   the	   numerical	   difficulties	   experienced	  when	   employing	   the	   local	   displacement	   strain	   softening	   method	   in	   a	   drained	   finite	   element	  analysis.	  Results	   for	   the	   local	   percentage	   strain	   model	   exhibit	   the	   same	   pattern,	   as	   the	   undrained	  analyses	   for	   the	   peak	   and	   residual	   load	   in	   the	   load	   displacement	   graph,	   Figure	   4.30(b).	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Figure	  4.30	  Comparison	  of	  the	  mesh	  dependency	  of	  the	  local	  and	  nonlocal	  strain	  softening	  methods	  in	  a	  drained	  biaxial	  compression	  analyses	  employing	  three	  meshes,	  
soil	  with	  φ’	  softening	  only.	  Nonlocal	  parameters,	  DL=0.1m	  and	  RI=0.4m	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Figure	  4.31	  Comparison	  of	  slip	  surface	  development	  for	  biaxial	  compression	  analyses	  using	  local	  and	  nonlocal	  strain	  softening	  methods,	  under	  drained	  conditions	  with	  
φ’	  strength	  only.	  Accumulated	  nonlocal	  plastic	  deviatoric	  strain	  for	  a	  diagonal	  cross	  section	  (top	  left	  to	  bottom	  right)	  of	  the	  mesh	  after	  0.04m	  vertical	  displacement.	  For	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Figure	  4.32	  Comparison	  of	  slip	  surface	  development	   for	   three	  strain	  softening	  methods	  employing	  a	  1m	  by	  1m	  40x40	  elements	  mesh	   for	  drained	  (φ’	  only	  softening)	  
biaxial	  compression	  analysis.	  After	  0.03m	  applied	  vertical	  displacement.	  	  Nonlocal	  parameters:	  DL=0.1m	  and	  RI=0.4m	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Figure	  4.33	  Comparison	  of	  nonlocal	  strain	  softening	  methods	  for	  biaxial	  compression	  analyses	  under	  drained	  conditions	  with	  φ’	  and	  c’	  softening	  soil	  employing	  three	  1m	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  Figure	   4.34	   Comparison	   of	   the	   mesh	   dependency	   of	   nonlocal	   strain	   softening	   methods	   for	   biaxial	   compression	   analyses	   under	   drained	   conditions	   with	   φ’	   and	   c’	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  Figure	  4.35	  Illustrating	  the	  development	  of	  slip	  surfaces	  at	  different	  stages	  of	  the	  analyses,	  biaxial	  compression	  under	  drained	  conditions	  for	  a	  φ’	  and	  c’	  softening	  soil,	  all	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Figure	  4.36	  Comparison	  of	  the	  slip	  surfaces	  and	  mesh	  dependency	  of	  the	  nonlocal	  strain	  softening	  methods	  employing	  meshes	  of	  three	  different	  discretisations.	  Drained	  
biaxial	  compression	  analysis	  with	  a	  φ’	  and	  c’	  softening	  soil,	  DL=0.1m	  and	  RI=0.4m.	  Accumulated	  plastic	  nonlocal	  deviatoric	  strain	  for	  a	  diagonal	  cross	  section	  (top	  left	  to	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For	   the	   analyses	   employing	   the	   G&S	  method,	   the	   slip	   surfaces	   are	   located	   in	   the	   same	   form	  irrespective	   of	   the	  mesh,	   although	   the	  highest	   strain	   value	   varies	   very	   slightly	  with	   the	  mesh	  employed.	  	  Of	  the	  four	  sets	  of	  analyses,	  the	  G&S	  nonlocal	  method	  provides	  the	  most	  consistent	  results	  with	  the	  lowest	  mesh	  dependency.	  	  




Figure	  4.37	  Illustrating	  the	  influence	  of	  the	  α	  parameter	  and	  element	  size	  on	  results	  using	  the	  Over-­‐nonlocal	  method,	  employing	  three	  meshes	  of	  varying	  discretisation	  
for	  undrained	  biaxial	  compression	  analyses,	  DL=0.1m,	  RI=0.4m	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Figure	  4.38	  Comparison	  of	  the	  slip	  surface	  development	  and	  mesh	  dependency	  of	  the	  Over-­‐nonlocal	  strain	  softening	  method	  for	  different	  values	  of	  alpha,	  A.	  Undrained	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Figure	   4.39	   Illustrating	   the	   sensitivity	   of	   the	   over-­‐nonlocal	  method	   to	   a	   combination	   of	   fine	  mesh	   and	   a	   large	   alpha	   parameter,	   for	   undrained	   biaxial	   compression	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An	  increase	  in	  the	  alpha	  parameter	  also	  reduces	  the	  softening	  rate	  for	  the	  stable	  analyses,	  which	  would	  then	  require	  a	  smaller	  defined	  length	  to	  be	  used	  to	  provide	  an	  appropriate	  match	  to	  the	  material	  softening	  rate.	  	  A	  discussion	  of	  the	  effects	  of	  the	  defined	  length,	  DL,	  on	  softening	  rate	  is	  discussed	   further	   in	  Section	  5.2.2.	   	  The	   same	  value	  of	  0.1m	  was	  used	   in	  all	   these	  analyses.	   	  A	  smaller	  defined	   length	  would	  require	  a	   finer	  mesh	  to	   include	  sufficient	  surrounding	  elements.	  This	   introduces	   a	   conundrum	   for	   the	   election	   of	   a	   suitable	   α	   and	  defined	   length	   combination	  without	  causing	  premature	  softening.	  	  Consequently,	  this	  method	  will	  not	  be	  used	  in	  subsequent	  biaxial	  compression	  and	  boundary	  value	  problem	  analyses.	  	  
4.5.5. Validating	  the	  use	  of	  a	  Quarter	  of	  Biaxial	  Compression	  Problem	  The	   analyses	   presented	   in	   Sections	   4.5.1	   to	   4.5.4	   simulate	   one	   quarter	   of	   the	   biaxial	  compression	  problem	  with	  the	   justification	  that	   the	   loading	  and	  boundary	  conditions	  produce	  two	   lines	  of	   symmetry.	   	   It	   is	  preferable	   to	  model	   a	  portion	  of	   the	  problem	   in	  a	   finite	   element	  analyses,	  lines	  of	  symmetry	  permitting,	  if	  the	  results	  for	  that	  portion	  represent	  the	  behaviour	  of	  the	   full	   solution.	   	   In	   this	   case,	   analyses	  present	   a	  quarter	  of	   the	  problem	  and	   thus	   reduce	   the	  numerical	  cost	  of	  the	  analysis.	   	  This	  section	  seeks	  to	  justify	  the	  use	  of	  a	  quarter	  of	  the	  analysis	  by	  performing	  a	  set	  of	  comparable	  full	  analyses	  to	  test	  the	  representation	  of	  the	  full	  problem	  by	  the	  results	  from	  the	  quarter	  analyses.	  	  Meshes	  were	  required	  with	  equivalent	  element	  sizes	  for	  the	   three	  mesh	  discretisations	  already	  employed.	   	  These	  meshes	  were	  2m	  by	  2m	   in	   size	  with	  400,	  1600	  and	  6400	  elements	  and	  labelled	  20x20,	  40x40	  and	  80x80	  respectively	  in	  Figure	  4.41	  to	  Figure	  4.43.	   	  Two	  sets	  of	  analyses	   for	  the	  full	  problem	  were	  performed,	  employing	  the	  G&S	  nonlocal	   method	   with	   undrained	   condition	   with	   different	   boundary	   conditions.	   	   The	   G&S	  method	  was	  found	  to	  provide	  the	  most	  reliable	  results	  of	  the	  three	  nonlocal	  methods	  in	  Section	  4.5.1.	   	  Given	  the	  added	  time	  required	  employing	  the	  large	  meshes	  with	  4	  times	  the	  number	  of	  elements	   and	   that	   the	   undrained	   analyses	   were	   the	   quickest	   analyses	   to	   perform,	   it	   was	  considered	   unnecessary	   to	   repeat	   these	   analyses	   for	   all	   the	   strain	   softening	   models	   and	  conditions.	  The	  boundary	  conditions	  specified	  to	  perform	  the	  1m	  by	  1m	  analyses	  representing	  a	  quarter	  of	  the	   problem	  provide	   a	  means	   of	   fixing	   the	   problem	  both	   vertically	   and	   horizontally	   in	   space,	  Figure	   4.40(c).	   	   For	   the	   full	   problem,	   the	   incremental	   application	   of	   vertical	   displacement	  compressing	   the	   sample	   from	   the	   top	   and	   the	   bottom	   provides	   a	   vertical	   fix	   in	   space.	   	   A	  horizontal	   fix	   is	   also	   required.	   	   This	   is	  where	   the	   two	   sets	   of	   full	   analyses	   differ.	   	   One	   set	   of	  analyses	   specifies	   zero	  horizontal	  displacement	  of	  both	  horizontal	  boundaries,	   Figure	  4.40(a).	  	  For	  the	  other	  set	  of	  full	  analyses	  the	  top	  and	  bottom	  boundaries	  are	  restrained	  in	  different	  ways.	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The	   chosen	   boundary	   conditions	   for	   the	   bottom	   boundary	   were	   to	   be	   fixed	   horizontally	   by	  specifying	  zero	  horizontal	  displacement	  at	   this	  boundary.	   	  Horizontal	  displacement	  of	   the	   top	  boundary	   is	   permitted,	   but	   the	   nodes	   of	   this	   boundary	   have	   their	   displacement	   degrees	   of	  freedom	  tied,	  Figure	  4.40(b).	  	  This	  restricts	  the	  relative	  movement	  of	  these	  points,	  but	  permits	  them	   to	   move	   together	   horizontally.	   	   The	   boundary	   conditions	   for	   the	   full	   zero	   horizontal	  displacement	  problem	  and	  quarter	  problem	  are	  compared	  in	  Figure	  4.14.	   	  The	  insets	  in	  Figure	  4.43	   compare	   the	   boundary	   conditions	   of	   the	   full	   tied	   degree	   of	   freedom	   analyses	   and	   the	  quarter	  problem.	  	  The	  circles	  on	  the	  corners	  of	  the	  top	  boundary	  represent	  the	  extent	  of	  the	  tied	  degrees	  of	  freedom.	  	  
	  
Figure	  4.40	  Boundary	  conditions	  for	  two	  full	  biaxial	  compression	  analyses	  and	  one	  quarter	  representation	  of	  
the	  biaxial	  compression.	  	  The	   results	   for	   the	   full	   and	   the	   quarter	   biaxial	   compression	   problem	   are	   presented	   in	   Figure	  4.41,	  Figure	  4.42	  and	  Figure	  4.43.	   	   In	  Figure	  4.41,	   the	  residual	   load	  for	  the	  quarter	  analyses	   is	  double	  the	  original	  output	  shown	  for	  the	  same	  results	  in	  Figure	  4.27(d).	  	  The	  reaction	  load	  was	  doubled	  because	  the	  2m	  by	  2m	  reaction	  load	  is	  calculated	  for	  double	  the	  length	  of	  the	  quarter	  problem.	  	  The	  full	  zero	  horizontal	  displacement	  and	  quarter	  analyses	  give	  very	  similar	  results,	  meaning	  that	  the	  full	  zero	  displacement	  results	  are	  mostly	  obscured	  in	  Figure	  4.41	  by	  the	  1m	  by	  1m	  results.	  	  Although	  the	  initial	  rate	  of	  softening	  for	  the	  full	  tied	  degrees	  of	  freedom	  2m	  by	  2m	  analysis	  matches	   the	   other	   analyses,	   the	   rate	   of	   softening	   demonstrates	   a	   sharp	   increase	   for	  each	  of	  the	  mesh	  discretisations,	  Figure	  4.41.	  	  The	  same	  residual	  reaction	  load	  is	  reached,	  but	  it	  is	   reached	   earlier	   than	   the	   quarter	   problem,	   1m	   by	   1m	   mesh	   analyses	   and	   the	   zero	  displacement	  full	  problem.	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Figure	  4.41	  A	  comparison	  of	  load	  reaction	  to	  imposed	  vertical	  displacement	  for	  analyses	  with	  a	  full	  biaxial	  
compression	  and	  a	  quarter	  of	  biaxial	  compression	  using	  two	  lines	  of	  symmetry.	  Employing	  meshes	  with	  
three	  element	  sizes,	  undrained	  conditions	  and	  nonlocal	  strain	  softening	  with	  a	  DL=0.1m	  and	  RI=0.3m	  	  This	   difference	   can	   be	   explained	   by	   comparing	   the	   accumulated	   displacement	   vectors	   and	  accumulated	  displaced	  shape	  of	  the	  mesh.	  	  These	  are	  presented	  in	  Figure	  4.42	  for	  the	  analyses	  with	  meshes	  comprising	  10	  elements	  per	  m,	  2m	  by	  2m	  with	  20	  x	  20	  elements	  and	  1m	  by	  1m	  with	  10	  x	  10	  elements.	  	  The	  quarter	  problem	  forms	  one	  slip	  surface	  with	  the	  bifurcation	  of	  the	  material	   from	   the	   bottom	   left	   to	   the	   top	   right	   of	   the	  mesh,	   Figure	   4.42(b)	   and	   (d).	   	   The	   top	  triangle	   of	   the	   material	   travels	   vertically	   down	   and	   the	   bottom	   triangle	   travels	   horizontally	  right,	  Figure	  4.42(b).	   	  The	  full	  problem	  has	  two	  slip	  surfaces	  in	  the	  same	  position	  represented	  by	  the	  quarter	  of	  the	  problem.	  	  If	  the	  quarter	  behaviour	  represented	  the	  movements	  of	  the	  full	  problem,	  the	  movement	  of	  the	  top	  and	  bottom	  triangles	  in	  Figure	  4.42(a)	  would	  be	  vertical	  and	  the	   side	   triangles	   would	   undergo	   horizontal	   displacement.	   	   This	   was	   the	   case	   for	   the	   full	  analysis	   with	   zero	   horizontal	   displacement	   prescribed	   on	   both	   top	   and	   bottom	   boundaries.	  	  However	  for	  the	  full	  analyses	  with	  tied	  displacement	  degrees	  of	  freedom	  on	  the	  top	  boundary,	  there	  has	  been	  greater	  movement	  along	  the	  top	  left	  to	  bottom	  right	  slip	  surface.	  	  This	  is	  visible	  in	   the	  direction	  of	   the	  accumulated	  displacement	  vectors	   in	  Figure	  4.42(a)	  and	  by	   the	  greater	  deformation	  of	  the	  mesh	  for	  this	  slip	  surface	  in	  Figure	  4.42(c).	  	  This	  difference	  in	  movement	  could	  account	  for	  the	  premature	  softening	  shown	  in	  Figure	  4.41.	  	  If	  more	   movement	   were	   occurring	   on	   one	   of	   the	   two	   surfaces,	   the	   increase	   in	   incremental	  











Vertical	  displacement	  at	  top	  boundary	  (m)	  
20x20,	  2m	  x	  2m,	  Zero	  disp.	   20x20,	  2m	  x	  2m,	  Tied	  DoF	  40x40,	  2m	  x	  2m,	  Zero	  disp.	   40x40,	  2m	  x	  2m,	  Tied	  DoF	  80x80,	  2m	  x	  2m,	  Zero	  disp.	   80x80,	  2m	  x	  2m,	  Tied	  DoF	  10x10,	  1m	  x	  1m	  (doubled)	   20x20,	  1m	  x	  1m	  (doubled)	  40x40,	  1m	  x	  1m	  (doubled)	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displacement	  would	   apply	   an	   increase	   in	   strain	   across	   a	   smaller	  distance	   for	   one	   slip	   surface	  compared	   to	   two.	   	   The	   strain	   on	   the	   single	   slip	   surface	   would	   be	   higher	   than	   when	   the	  displacement	  was	  shared	  between	  the	  two	  surfaces.	  	  The	  higher	  strain	  would	  cause	  the	  material	  to	  be	  softened	  more	  quickly	  once	  strain	   is	  concentrated	   in	  a	  single	  slip	  surface,	   leading	   to	   the	  higher	  rate	  of	  softening	  for	  the	  same	  applied	  displacement.	  	  The	  difference	  in	  movement	  for	  the	  two	   slip	   surfaces	   is	   quantified	   in	   Figure	  4.43.	   	   These	   three	   graphs	  present	   the	  distribution	  of	  accumulated	  nonlocal	  plastic	  deviatoric	  strain	  for	  a	  cross	  section	  that	  bisects	  a	  slip	  surface.	  	  The	  insets	   in	   Figure	   4.43	   (a)	   and	   (b)	   depict	   the	   position	   of	   the	   cross	   section	  within	   the	   problem	  using	  a	  dashed	  line.	  	  The	  strain	  is	  lower	  for	  the	  full	  problem	  compared	  to	  the	  quarter	  problem	  in	  Figure	  4.43	  (a).	  	  The	  strain	  is	  higher	  for	  the	  full	  problem	  on	  the	  slip	  surface	  that	  demonstrated	  greater	  movement,	  Figure	  4.43	  (b).	  	  An	  average	  of	  the	  strain	  for	  the	  two	  slip	  surfaces	  of	  the	  full	  problem	   is	   compared	   to	   the	   quarter	   problem	   results	   in	   Figure	   4.43	   (c).	   	   The	   results	   are	   an	  extremely	  good	  match.	  	  The	  development	  of	  one	  slip	  surface	  over	  the	  other	  can	  occur	  for	  the	  analyses	  with	  tied	  degree	  of	  freedom	  boundary	  condition	  because	  horizontal	  movement	  of	  the	  top	  boundary	  is	  restricted	  relatively	  and	  not	  absolutely.	  The	  preference	  of	  slip	  surface	   is	  not	  determined	  by	  the	   imposed	  vertical	  displacement	  and	  must	  therefore	  be	  due	  to	  accumulation	  of	  tiny	  calculation	  errors.	   	   It	  can	   therefore	   be	   concluded	   that	   a	   quarter	   of	   the	   analysis	   represents	   the	   average	   of	   the	   full	  problem.	   	  The	  quarter	   analyses	  provide	  a	   format	   that	   creates	  a	   repeatable	   single	   slip	   surface.	  	  When	   using	   a	   quarter	   of	   the	   problem,	   models	   and	   parameters	   can	   be	   assessed	   with	   the	  confidence	   that	  a	   single	   shear	  surface	  will	   form	  and	   the	  boundary	  conditions	  do	  not	   interfere	  with	  the	  outcome	  of	  the	  analysis.	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Figure	  4.42	  Comparison	  of	  	  full	  (with	  tied	  displacement	  degrees	  of	  freedom)	  and	  one	  quarter	  of	  an	  undrained	  
biaxial	  compression	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  method	  (DL=0.1,	  RI=0.3)	  for	  one	  
of	   three	   meshes	   employed,	   with	   element	   sizes	   for	   this	   mesh	   0.1m.	   	   After	   0.04m	   imposed	   vertical	  
displacement:	  accumulated	  displacement	  vectors	  (a)	  Full	  problem	  with	  tied	  degrees	  of	  freedom	  (b)	  quarter	  





Figure	  4.43	  Strain	  distribution	  for	  a	  cross	  section	  of	  the	  biaxial	  compression	  analyses	  to	  demonstrate	  the	  development	  of	  slip	  surfaces	  after	  0.04m	  vertical	  displacement.	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4.5.6. Assessing	  the	  Suitability	  of	  the	  Aspect	  Ratio	  and	  Seeding	  The	  biaxial	  compression	  analyses	  presented	  up	  to	  this	  point	  have	  employed	  a	  1	  to	  1	  aspect	  ratio	  with	   the	   sides	  of	   the	  mesh	  of	   equal	   length.	   	  No	   seeding	  of	   the	   analysis	  has	  been	  necessary	   to	  induce	  the	  formation	  of	  a	  slip	  surface.	  	  Seeding	  has	  been	  used	  in	  the	  literature	  to	  initiate	  strain	  softening	  of	  a	  material.	  	  This	  section	  will	  assess	  both	  the	  use	  of	  a	  mesh	  with	  a	  1	  to	  2	  aspect	  ratio	  (horizontal	   to	   vertical)	   and	   the	   influence	   of	   seeding	   the	   analysis	   on	   the	   formation	   of	   slip	  surfaces.	  	  A	  1	  by	  2	  aspect	  ratio	  mesh	  was	  used	  for	  the	  biaxial	  compression	  analyses,	  presented	  in	  Section	  4.2.5,	  by	  Galavi	  &	  Schweiger	  (2010)	  and	  Jostad	  &	  Grimstad	  (2011).	  	  The	  slip	  surfaces	  produced	  are	  presented	  in	  Figure	  4.7	  and	  Figure	  4.10.	  	  The	  Galavi	  &	  Schweiger	  (2010)	  analyses	  assess	   the	  mesh	  dependence	  of	   the	  G&S	  modified	  nonlocal	  method.	   	  The	  analyses	  by	   Jostad	  &	  Grimstad	   (2011)	   assess	   the	   three	   nonlocal	   methods.	   	   The	   analyses	   presented	   here	   are	  performed	  with	  the	  two	  local	  strain	  softening	  models	  (percentage	  strain	  and	  displacement)	  and	  only	  the	  nonlocal	  G&S	  strain	  softening	  method.	  	  The	  evidence	  provided	  in	  Section	  4.5.1	  to	  4.5.4	  is	  considered	  sufficient	  to	  compare	  the	  differences	  between	  the	  nonlocal	  methods.	  	  This	  section	  seeks	  to	  assess	  the	  impact	  of	  changing	  the	  aspect	  ratio	  and	  seeding.	  	  Seeding	  was	  not	  used	  in	  the	  biaxial	   compression	   analyses	   by	   Galavi	   &	   Schweiger	   (2010)	   and	   Jostad	   &	   Grimstad	   (2011),	  however	  it	  was	  employed	  in	  biaxial	  compression	  analyses	  by	  Vermeer	  &	  Brinkgreve	  (1994)	  and	  Lu	  et	  al.	  (2009).	  Two	   sets	   of	   analyses	  were	   performed	   to	   separately	   assess	   the	   effects	   of	   the	   aspect	   ratio	   and	  seeding.	   	  The	  analyses	  are	  all	  full,	  undrained	  biaxial	  compression	  analyses	  with	  soil	  properties	  as	  described	  in	  Table	  4.2.	   	  The	  boundary	  conditions	  are	  as	  described	  for	  the	  full	  tied	  degree	  of	  freedom	   analyses	   presented	   in	   Section	   4.5.5.	   	   The	   bottom	   boundary	   has	   zero	   prescribed	  horizontal	   displacement	   and	   the	   top	   horizontal	   boundary	   is	   restrained	   by	   restricting	   relative	  horizontal	  movement,	   but	   permitting	   concurrent	   horizontal	   displacement	   of	   all	   nodes	   on	   this	  boundary.	   	   In	  Section	  4.5.5,	   these	  boundary	  conditions	  were	   found	   to	  permit	   larger	   strains	   to	  develop	  on	  one	  slip	  surface	  compared	  to	  the	  other,	  Figure	  4.43(a)	  and	  (b).	  	  This	  was	  attributed	  to	  the	  accumulation	  of	  tiny	  calculation	  errors	  and	  the	  freedom	  of	  the	  top	  boundary	  to	  displace	  horizontally.	   	   The	   results	   in	   this	   section	   are	   expected	   to	  demonstrate	   similar	   behaviour.	   	   The	  three	  1m	  by	  2m	  (horizontal	  to	  vertical)	  meshes	  are	  designed	  with	  the	  same	  element	  sizes	  as	  the	  square	  meshes	  previously	  employed	  with	  10	  by	  20	  elements,	  20	  by	  40	  elements	  and	  40	  by	  80	  elements.	  	  The	  second	  set	  of	  analyses	  presented	  here	  has	  been	  seeded,	  also	  known	  as	  triggering	  strain	  localisation.	  	  This	  is	  achieved	  by	  reducing	  the	  strength	  by	  10%	  for	  a	  0.2m	  by	  0.2m	  square	  centred	  at	   the	  middle	  of	   the	  mesh.	   	  The	   first	  set	  of	  analyses	  assess	   the	   influence	  of	   the	  1	  by	  2	  aspect	  ratio	  compared	  to	  the	  1	  by	  1	  meshes	  presented	  in	  Sections	  4.5.1	  and	  4.5.5.	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Figure	  4.44	  Full	  Biaxial	  Compression	  analyses	  for	  a	  1m	  x	  2m	  mesh	  of	  different	  discretisations	  for	  three	  strain	  softening	  models	  (a)	  showing	  all	  the	  models	  (b)	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Employing	   a	   tall	   rectangular	   (1	   by	   2	   aspect	   ratio	   mesh)	   has	   an	   impact	   on	   the	   results.	   	   The	  reaction	  load	  for	  the	  imposed	  vertical	  displacement	  graphs	  are	  displayed	  in	  Figure	  4.44.	  	  No	  two	  analyses	  produce	  the	  same	  result	   for	  the	  rate	  of	  softening	  when	  considering	  both	  the	  element	  size	   and	   the	   strain	   softening	  model	   employed.	   	   The	  patterns	   of	   slip	   surfaces	   created	   for	   each	  analysis	  are	  presented	  in	  Figure	  4.45.	  	  It	  can	  be	  seen	  that	  the	  overall	  pattern	  is	  different	  to	  the	  1	  to	  1	  aspect	  ratio	  analyses	  for	  full	  biaxial	  compression	  presented	  in	  Figure	  4.42(a)	  and	  (c),	  which	  produce	   two	  slip	  surfaces	  crossing	  at	   the	  centre	  of	   the	  mesh.	   	  For	   the	  1	   to	  2	  aspect	  ratio,	   two	  sets	  of	  parallel	   slip	  surface	  coincide	   to	   form	  a	  diamond	  around	  the	  centre	  of	   the	  mesh,	  Figure	  4.45.	   	  When	   a	   large	   strain	   occurs	   on	   only	   a	   single	   slip	   surface,	   the	   position	   of	   the	   single	   slip	  surface	  is	  in	  the	  same	  location	  as	  one	  of	  the	  four	  slip	  surfaces	  developed	  by	  the	  other	  analyses,	  e.g.	  Figure	  4.45(f).	  	  This	  suggests	  that	  the	  same	  pattern	  of	  slip	  surfaces	  had	  formed	  at	  very	  low	  strains,	  below	  the	  smallest	  contour	  of	  5%	  strain,	  but	  one	  surface	  dominates	  very	  early	  on	  in	  the	  analysis	  compared	  to	  the	  analyses	  displaying	  four	  slip	  surfaces.	  	  The	  extent	  to	  which	  each	  of	  the	  four	   slip	   surfaces	   has	   developed	   does	   not	   show	   an	   obvious	   relation	   to	   the	   mesh	   or	   strain	  softening	  model	  employed.	   	  This	  supports	  the	  conclusion	  that	  the	  preferential	  development	  of	  slip	  surfaces	  is	  due	  to	  the	  accumulation	  of	  calculation	  errors.	  The	   local	   percentage	   strain	   results	   are	   expected	   to	   vary	   the	   slip	   surface	   width	   as	   shown	   in	  Figure	  4.26(a),	  (b)	  and	  (c).	  	  The	  shear	  band	  concentrates	  between	  two	  displacement	  degrees	  of	  freedom.	   	  There	  are	  sixteen	  degrees	  of	   freedom	  per	  element,	  2	  per	  node	   in	   the	  horizontal	   (u)	  and	   vertical	   (v)	   directions.	   	   They	   are	   found	   at	   each	   corner	   node	   and	   at	   the	   4	   nodes	  midway	  along	  each	  element	  boundary.	   	  A	  reduction	   in	  element	  size	  means	   the	  degrees	  of	   freedom	  are	  more	   closely	   spaced	   and	   reduces	   the	  width	   of	   the	   slip	   surface.	   	   This	   trend	   is	   visible	  with	   the	  reducing	   element	   size	   in	   Figure	   4.45(a)	   to	   (c).	   	   The	   softening	   rate	   is	   also	   expected	   to	   vary	  according	  to	  element	  size	   for	   the	  percentage	  strain	  analyses,	  as	  shown	  in	  Figure	  4.27(b).	   	  The	  strain	  in	  the	  local	  percentage	  strain	  softening	  model	  is	  calculated	  as	  the	  change	  in	  length	  of	  the	  element	   length	   in	   reference	   to	   its	   original	   length.	   	   The	   specified	  15%	  strain	   limit	   for	   residual	  strength	   is	   therefore	   calculated	  using	   the	   element	   size.	   	   For	   a	   smaller	   element	   size,	   a	   smaller	  change	   in	   length	   is	   required	   for	   residual	   strength	   to	  be	   reached	  and	   there	   is	   a	   corresponding	  increase	  in	  the	  rate	  at	  which	  the	  material	  softens.	  An	   increase	   in	   the	   softening	   rate	  with	   a	   reduction	   in	   element	   size	   is	   demonstrated	   in	   Figure	  4.44(b),	   continuing	   the	   expected	   trend	   also	   shown	   in	   the	   undrained	   analyses	   with	   a	   1	   by	   1	  aspect	  ratio	  mesh	  in	  Figure	  4.24.	  	  However,	  both	  the	  10	  by	  20	  and	  20	  by	  40	  meshes	  have	  a	  kink	  or	  sudden	  increase	  in	  the	  rate	  of	  softening	  on	  the	  reaction	  load	  vs.	  displacement	  graph,	  Figure	  4.44(b).	   	   The	   40	   by	   80	   percentage	   strain	   analysis	   has	   constant	   softening	   rate.	   	   This	   constant	  softening	  rate	  corresponds	  to	  the	  development	  to	  all	  four	  slip	  surfaces	  to	  the	  same	  strain	  level	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Figure	   4.45(c),	   whereas	   the	   two	   other	   local	   percentage	   strain	   analyses	   exhibit	   greater	   strain	  along	  one	  slip	  surface	  compared	  to	  the	  others,	  Figure	  4.45(a)	  and	  (b).	  	  This	  was	  discussed	  as	  the	  cause	   of	   the	   change	   in	   softening	   rate	   exhibited	   by	   the	   full	   tied	   degree	   of	   freedom	   analyses	  presented	  in	  Figure	  4.41.	   	  Differences	  in	  the	  rate	  of	  slip	  surface	  development	  could	  be	  used	  to	  explain	   the	   diversity	   of	   results	   for	   the	   load	   versus	   displacement	   graphs	   for	   the	   nonlocal	   and	  local	  displacement	  strain	  softening	  models,	  Figure	  4.44(c)	  and	  (d).	  	  There	  are	  three	  analyses	  in	  these	  results	  that	  display	  a	  constant	  softening	  rate	  that	  corresponds	  with	  development	  along	  a	  single	  slip	  surface,	  Figure	  4.45(d),	  (f)	  and	  (i).	  	  When	  several	  slip	  surfaces	  initially	  start	  to	  soften,	  Figure	  4.45(e),	  (g)	  and	  (h),	  but	  one	  slip	  surface	  then	  dominates	  there	  is	  a	  sudden	  change	  in	  the	  gradient	  of	  the	  load	  versus	  displacement	  graph,	  Figure	  4.44(c)	  and	  (d).	  The	  use	  of	  a	  1	  by	  2	  aspect	  ratio	  mesh	  produces	  multiple	  slip	  surfaces,	  but	  it	  does	  not	  provide	  a	  single	  critical	  and	  repeatable	  slip	  surface	  to	  compare	  the	  behaviour	  of	  different	  strain	  softening	  models.	   	  Two	  analyses	  were	  performed	  with	  zero	  horizontal	  displacement	  prescribed	  for	  both	  boundaries	  for	  the	  10	  by	  20	  elements	  mesh	  using	  the	  local	  percentage	  strain	  and	  the	  nonlocal	  G&S	   strain	   softening	  models.	   	  The	  accumulated	   local	  plastic	   strain	   contours	   for	  both	  analyses	  are	  presented	  in	  Figure	  4.46(a)	  and	  (c).	  	  The	  central	  diamond	  slip	  surface	  pattern	  persists.	  	  The	  horizontal	  restriction	  of	  the	  top	  boundary	  does	  not	  impose	  symmetry	  for	  a	  1	  by	  2	  aspect	  ratio	  mesh.	  	  Preferential	  slip	  surface	  development	  must	  include	  at	  least	  two	  intersecting	  slip	  surface	  to	   maintain	   the	   imposed	   zero	   horizontal	   displacement	   on	   both	   horizontal	   boundaries.	   	   The	  production	  of	   a	   single	   slip	   surface	   in	   the	  quarter	  of	   a	  biaxial	   compression	   for	   a	  1	  by	  1	  aspect	  ratio	  mesh	  is	  preferable	  to	  examine	  strain	  softening	  models	  and	  parametric	  studies.	  	  The	   double	   parallel	   slip	   surfaces	   intersecting	   to	   form	   a	   central	   diamond	  was	   not	   the	   pattern	  observed	  by	  Galavi	  &	  Schweiger	  (2010)	  and	  Jostad	  &	  Grimstad	  (2011)	  for	  biaxial	  compression	  analyses	  of	  1	  by	  2	  aspect	  ratio	  problem,	  the	  results	  of	  which	  are	  shown	  in	  Figure	  4.7	  and	  Figure	  4.10.	  	  These	  analyses	  produce	  two	  slip	  surfaces	  that	  intersect	  at	  the	  centre	  of	  the	  problem.	  	  The	  angle	  of	  the	  slip	  surfaces	  is	  steeper	  in	  the	  drained	  Galavi	  &	  Schweiger	  analyses.	  	  The	  angle	  of	  the	  slip	   surfaces	   in	   the	  undrained	   Jostad	  &	  Grimstad	   analyses	   is	   similar	   to	   the	   analyses	   in	  Figure	  4.45,	  but	  only	  two	  centrally	  intersecting	  slip	  surfaces	  form.	   	  Both	  these	  analyses	  employ	  a	  stiff	  platen	  at	  the	  top	  and	  bottom	  of	  the	  analyses	  as	  shown	  in	  Figure	  4.47,	  which	  restricts	  horizontal	  movement	  at	   these	  boundaries.	   	   	  These	  displacement	   restrictions	  are	   similar	   to	   the	  boundary	  conditions	   for	   the	   analyses	   presented	   in	   Figure	   4.46	   and	   the	   slip	   surface	   pattern	   would	   be	  expected	  to	  be	  similar,	  but	  they	  are	  not.	  	  Further	  analyses	  were	  performed	  to	  identify	  conditions	  when	   two	   slip	   surfaces	   would	   intersect	   at	   the	   centre	   for	   a	   1	   by	   2	   aspect	   ratio	   mesh,	   these	  included	   varying	   k0,	   drained	   analyses,	   including	   a	   dilation	   angle	   and	  modelling	   only	   half	   the	  problem.	  	  The	  central	  diamond	  slip	  surface	  pattern	  persisted.	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Figure	  4.45	  Development	  of	  slip	  surfaces	  for	  2	  to	  1	  aspect	  ratio	  mesh,	  accumulated	  plastic	  deviatoric	  strain	  
contours	  after	  0.04m	  imposed	  vertical	  displacement	  on	  top	  and	  bottom	  of	  sample.	  Mesh	  2m	  vertical	  	  by	  1m	  
horizontal.	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Figure	  4.46	  Development	  of	  slip	  surfaces	  for	  a	  1	  by	  2	  aspect	  ratio	  mesh	  with	  zero	  horizontal	  displacement	  on	  
both	   horizontal	   boundaries.	   	   Two	   analyses	   employing	   a	   10x20	   element	   mesh	   with	   two	   strain	   softening	  
models	   (a)	   and	   (c)	   accumulated	   local	   plastic	   strain	   contours	   (5%,10%,15%,20%)	   (b)	   and	   (d)accumulated	  
displacement	  vectors	  	  	  
	  
Figure	   4.47	   Boundary	   Conditions	   and	   Geometry	   representing	   half	   of	   biaxial	   compression	   problem	   for	  
analyses	  by	  Galavi	  &	  Schweiger	  (2010)	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To	  produce	  two	  slip	  surfaces	  that	  intersected	  at	  the	  centre	  of	  the	  mesh,	  the	  localisation	  of	  strain	  can	   be	   triggered	   or	   seeded	   at	   the	   preferred	   point	   of	   intersection.	   	   The	   1	   by	   2	   aspect	   ratio	  analyses	  presented	  in	  Figure	  4.44	  and	  Figure	  4.45	  were	  repeated	  with	  a	  trigger	  or	  seed	  at	  the	  centre	  of	  the	  mesh.	  	  The	  trigger	  for	  localisation	  was	  a	  reduction	  in	  the	  material	  strength	  by	  10%	  for	  a	  0.2m	  by	  0.2m	  square	  centred	  at	  the	  centre	  of	  the	  mesh.	  	  The	  seeded	  analyses	  produced	  two	  slip	   surfaces	   intersecting	  at	   the	   centre	  of	   the	  mesh,	  Figure	  4.48.	   	  These	   results	   are	  now	  more	  comparable	   to	   the	   Jostad	   &	   Grimstad	   results	   in	   Figure	   4.7.	   	   The	   graphs	   of	   loading	   versus	  displacement	   demonstrate	  much	   less	  mesh	   dependence	   for	   the	   seeded	   analyses	   compared	   to	  the	  unseeded	  analyses,	  Figure	  4.49	  compared	  to	  Figure	  4.44.	  However,	  the	  strain	  contours	  in	  Figure	  4.48	  still	  demonstrates	  preferential	  softening	  along	  one	  slip	  surface	  for	  one	  of	  the	  local	  percentage	  strain	  results,	  Figure	  4.48(a)	  and	  all	  of	  the	  Nonlocal	  G&S	  results,	  Figure	  4.48(d)	  to	  (f).	   	  This	  is	  due	  to	  the	  use	  of	  tied	  degrees	  of	  freedom	  on	  the	  top	  boundary	   restricting	   relative,	   but	   not	   absolute	   horizontal	   displacement.	   	   The	   corresponding	  change	  in	  the	  rate	  of	  softening	  caused	  by	  preferential	  softening	  is	  observed	  on	  the	  load	  versus	  displacement	   graph,	   Figure	   4.49(c).	   	   The	   rate	   change	   is	   less	   dramatic	   than	   the	   unseeded	  analyses,	  Figure	  4.44(c).	  	  When	  the	  developing	  strain	  is	  concentrated	  into	  one	  slip	  surface	  from	  four,	  the	  increased	  strain	  on	  that	  one	  analysis	  would	  cause	  softening	  to	  occur	  at	  four	  times	  the	  rate.	   	  With	  a	  switch	  from	  two	  slip	  surfaces	  to	  one	  the	  softening	  rate	  would	  only	  double,	  so	  the	  change	  in	  gradient	  of	  the	  load	  versus	  displacement	  graph	  would	  be	  smaller.	   	  There	  would	  be	  a	  slower	   initial	   softening	   rate	   when	   the	   imposed	   displacement	   is	   shared	   between	   four	   slip	  surfaces	  instead	  of	  two,	  which	  is	  demonstrated	  by	  a	  shallower	  initial	  gradient.	  	  The	  seeded	  and	  unseeded	   analyses	   are	   compared	   in	   Figure	   4.50.	   	   The	   relative	   gradients	   of	   the	   seeded	   and	  unseeded	  results	  using	  the	  Nonlocal	  G&S	  method	  are	  compared	  in	  Figure	  4.50(c).	  	  The	  four	  slip	  surfaces	   from	   the	   unseeded	   analyses	   demonstrate	   an	   initially	   shallower	   softening	   gradient	  followed	  by	  a	  steeper	  gradient	  when	  one	  slip	  surface	  dominates.	  	  This	  is	  especially	  obvious	  for	  the	  two	  analyses	  employing	  the	  20	  by	  40	  mesh	  and	  the	  nonlocal	  G&S	  strain	  softening	  method.	  The	   seeded	   analyses	   employing	   the	   local	   displacement	   and	   local	   percentage	   strain	   softening	  models	  do	  not	  develop	  one	  dominant	  slip	  surface,	  Figure	  4.48(b),	  (c),	  (g),	  (h)	  and	  (i)	  except	  one	  local	  percentage	  strain	  analysis,	  Figure	  4.48(a).	   	  There	   is	  a	   reduction	   in	   slip	   surface	   thickness	  with	   element	   size,	  which	   is	  more	   pronounced	   for	   the	   local	   strain	   softening	   analyses	   than	   the	  Nonlocal	   analyses.	   	   The	   contours	   in	   Figure	   4.48	  portray	   accumulated	  plastic	   deviatoric	   strain	  and	  not	  nonlocal	   strain.	   	  The	  nonlocal	   strain	   identifies	   the	  extent	  of	   softening	  of	   the	  material,	  but	  the	  local	  strain	  identifies	  the	  position	  and	  dimensions	  of	  the	  slip	  surfaces.	  	  Seeding	  improves	  the	  1	   by	  2	   results	   by	  making	   them	  more	   comparable	   to	   the	  undrained	   results	   using	   a	   1	   by	  1	  aspect	  ratio	  mesh	  and	  results	  presented	  by	  Galavi	  &	  Schweiger	  (2010)	  and	   Jostad	  &	  Grimstad	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(2011).	   	   The	   local	   strain	   softening	   analyses,	   with	   seeding,	   do	   not	   provide	   any	   indication	   of	  convergence	   issues.	   	   This	   is	   misleading,	   given	   the	   evidence	   to	   the	   contrary	   provided	   by	   the	  unseeded	  biaxial	  compression	  analyses	  for	  the	  local	  displacement	  method.	  	  The	  seeding	  dictates	  the	   initial	  point	  of	  strain	  softening	  and	  therefore	  directs	  the	  position	  of	   the	  slip	  surfaces.	   	   In	  a	  slope	   stability	   boundary	   value	   problem,	   there	   will	   be	   no	   predefined	   slip	   surface	   location;	  therefore	  seeding	  of	  the	  analysis	  would	  not	  be	  appropriate.	  	  Seeding	  has	  also	  not	  been	  useful	  in	  providing	  consistent	  results	  when	  employing	  a	  nonlocal	  strain	  softening	  model.	  	  In	   summary,	   seeding	   of	   the	   analysis	   has	   not	   provided	   an	   improvement	   for	   assessment	   of	   the	  mesh	   dependence	   of	   the	   strain	   softening	   models.	   	   The	   1	   by	   2	   aspect	   ratio	   meshes	   produce	  double	   parallel	   slip	   surfaces	   unlike	   the	   patterns	   observed	   in	   the	   literature	   or	  when	   a	   1	   by	   1	  aspect	  ratio	  mesh	  is	  employed.	  	  The	  1m	  by	  1m,	  quarter	  of	  the	  problem	  is	  the	  preferred	  method	  to	  compare	  strain	  softening	  models	  and	  mesh	  dependence	  using	  biaxial	  compression	  analyses.	  	  The	   quarter	   analyses	   assume	   that	   each	   quarter	   will	   be	   identical	   and	   one	   slip	   surface	   forms.	  	  There	   is	   then	   less	   opportunity	   for	   development	   of	   anomalies	   or	   preferential	   slip	   surface	  development.	  	  	  The	  1m	  by	  1m	  and	  quarter	  of	  the	  problem	  provide	  consistent	  conditions	  for	  the	  study	  of	  the	  methods	  with	  every	  opportunity	  for	  a	  slip	  surface	  to	  develop	  in	  the	  same	  way	  each	  time,	  then	  under	  those	  conditions	  to	  study	  the	  differences.	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Figure	  4.48	  Development	  of	  slip	  surfaces	   for	  2	   to	  1	  aspect	  ratio	  mesh,	  with	  central	  seeding	  of	   the	  analysis.	  
Accumulated	  plastic	  deviatoric	  strain	  contours	  after	  0.04m	  imposed	  vertical	  displacement	  on	  top	  and	  bottom	  
of	  sample.	  Mesh	  2m	  vertical	  by	  1m	  horizontal.	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Figure	  4.49	  Full	  Biaxial	  Compression	  analyses	  with	  seeding	  for	  a	  1m	  x	  2m	  mesh	  of	  different	  discretisations	  for	  three	  strain	  softening	  models	  (a)	  all	  the	  models	  (b)	  Local	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Figure	  4.50	  Comparing	  seeded	  and	  unseeded	  analyses,	  Full	  Biaxial	  Compression	  analyses	  for	  a	  1m	  x	  2m	  mesh	  of	  different	  discretisations	  for	  three	  strain	  softening	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 Summary	  4.6.The	  nonlocal	  strain	  softening	  method	  provides	  a	  regularisation	  technique	  that	  has	  already	  been	  successfully	   employed	   to	   reduce	   the	   mesh	   dependency	   of	   finite	   element	   analyses	   including	  strain	   softening	   materials.	   	   It	   involves	   the	   calculation	   of	   a	   nonlocal	   strain	   at	   each	   strain	  calculation	  point	  using	  a	  weighting	  function	  to	  relate	  the	  current	  strain	  at	  the	  calculation	  point	  to	   itself	   and	   the	   strain	   at	   the	   surrounding	   points	   based	   on	   the	   distance	   from	   the	   calculation	  point.	   	   The	   nonlocal	   strain	   softening	   model	   was	   successfully	   implemented	   in	   ICFEP.	   	   Three	  options	   are	   now	   available:	   the	   original	  method	  with	   α=1.0,	   the	   over-­‐nonlocal	  method	  with	   α	  greater	   than	   1.0	   and	   the	   G&S	   method.	   	   The	   over-­‐nonlocal	   and	   G&S	   methods	   are	   modified	  versions	   of	   the	   original	   method.	   	   They	   involve	   either	   a	   change	   in	   the	   formulation	   of	   the	  weighting	   function	   or	   the	   nonlocal	   strain	   calculation.	   	   All	   these	  methods	   require	   the	   user	   to	  specify	  a	  characteristic	  or	  defined	  length,	  DL.	  	  The	  radius	  of	  influence	  parameter,	  RI,	  may	  be	  set	  to	  increase	  computational	  efficiency.	  	  A	  specified	  alpha	  parameter	  is	  only	  a	  requirement	  for	  the	  Over-­‐nonlocal	  method	  and	  is	  set	  to	  1.0	  to	  employ	  the	  original	  nonlocal	  strain	  softening	  method.	  	  	  The	   simple	   shear	   and	   biaxial	   compression	   analyses	   illustrate	   the	   mesh	   dependency	   of	   the	  existing	  local	  methods,	  both	  the	  percentage	  strain	  and	  displacement	  options.	  	  The	  simple	  shear	  analyses	   prove	   the	   reliability	   of	   the	   nonlocal	   algorithms	   not	   to	   affect	   a	   constant	   strain	   field.	  	  Biaxial	   Compression	   analyses	   allowed	   a	   comparison	   of	   the	   nonlocal	   methods	   during	   the	  formation	   of	   a	   slip	   surface	   for	   both	   undrained	   and	   drained	   conditions.	   Undrained	   analyses,	  using	  undrained	  strength	  Su,	  were	  performed	  to	  compare	  boundary	  conditions	  suitable	  for	  these	  analyses.	   	  The	  conditions	  assessed	  were	  the	  use	  of	  a	  1	  by	  1	  and	  1	  by	  2	  aspect	  ratio,	  the	  use	  of	  seeding	  to	  trigger	  localisation	  and	  the	  simulation	  of	  a	  quarter	  of	  the	  full	  problem.	  	  	  A	  1m	  by	  1m	  mesh,	  simulating	  a	  quarter	  of	  the	  full	  biaxial	  compression	  problem	  without	  seeding	  was	  found	  to	  be	  the	  best	  option,	  as	  it	  consistently	  produces	  a	  single	  slip	  surface.	  	  This	  was	  the	  format	  used	  to	   evaluate	   the	   three	   nonlocal	   methods	   in	   undrained	   and	   drained	   conditions.	   	   The	   drained	  analyses	  model	  the	  softening	  of	  a	  simplified	  φ’	  only	  soil	  and	  a	  φ’	  and	  c’	  soil	  using	  London	  Clay	  properties.	  	  	  Of	   the	   three	   nonlocal	   options,	   the	   G&S	   method	   provided	   an	   improvement	   on	   the	   original	  nonlocal	   method	   and	   consistently	   produced	   the	   least	   mesh	   dependent	   results.	   	   The	   over-­‐nonlocal	   or	   alpha	   method	   although	   providing	   lower	   mesh	   dependence	   results	   for	   α	   =	   1.5,	  exhibited	  instabilities	  for	  a	  combination	  of	  large	  α	  values	  and	  small	  element	  sizes.	  	  	  This	  makes	  the	   method	   unsuitable	   for	   further	   application.	   	   The	   G&S	  method	   will	   be	   explored	   further	   in	  Chapter	   5	   and	   then	   applied	   to	   the	   boundary	   value	   problem	   of	   a	   stiff	   clay	   cutting	   with	  stabilisation	  piles	  in	  Chapters	  5,	  6	  and	  7.	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Chapter	  5. Parametric	  Study	  of	  the	  Nonlocal	  Strain	  Softening	  Model	  	  	  
 Introduction	  5.1.The	  G&S	  modified	  nonlocal	  method	  has	  been	  chosen	  as	  the	  most	  mesh	  independent	  of	  the	  three	  nonlocal	  methods	   investigated	   in	   Chapter	   4,	   to	   improve	   the	   regularisation	   of	   strain	   softening	  soil	  modelled	  in	  ICFEP.	   	  Before	  the	  nonlocal	  method	  is	  applied	  to	  a	  stiff	  clay	  cutting	  analysis,	  a	  biaxial	   compression	   parametric	   study	   with	   this	   method	   will	   permit	   a	   more	   thorough	  understanding	   of	   the	   nonlocal	   parameters	   and	   influence	   of	   strength	   properties	   for	   a	   simple	  problem.	  	  The	  G&S	  nonlocal	  method	  requires	  the	  input	  of	  an	  appropriate	  value	  for	  the	  defined	  length	  parameter,	  DL.	   	   Inclusion	  of	  a	   radius	  of	   influence	  value,	  RI,	  will	   increase	   the	  numerical	  efficiency	  of	  the	  analyses	  and	  so	  is	  especially	  advisable	  for	  stiff	  clay	  boundary	  value	  problems.	  	  The	  expected	  response	  to	  a	  variation	  of	   these	  parameters	  has	  been	  discussed	   in	  Section	  4.2.4,	  biaxial	   compression	  analyses	   in	   this	   section	  will	   test	   these	  aspects.	   	   Stiff	   clay	  cutting	  analyses	  have	  been	  performed	   to	   demonstrate	   the	   improvement	   in	  mesh	  dependency	  provided	  by	   the	  nonlocal	   method	   compared	   to	   the	   local	   displacement	   strain	   softening	   method.	   	   With	   the	  additional	  knowledge	  from	  the	  parametric	  biaxial	  compression	  analyses,	  further	  investigations	  identify	   suitable	   nonlocal	   parameters	   for	   the	   stiff	   clay	   cutting	   analyses.	   	   These	   assess	   the	  influence	  of	  the	  defined	  length	  parameter,	  softening	  rate	  and	  radius	  of	  influence	  on	  the	  time	  to	  failure	  of	  the	  slope	  and	  using	  the	  strain	  distribution,	  the	  formation	  of	  slip	  surfaces.	  	  
 Biaxial	  Compression	  Parametric	  Study	  5.2.The	   biaxial	   compression	   analyses	   presented	   in	   Section	   4.5	   have	   demonstrated	   that	   the	   G&S	  modification	   provides	   the	   least	   mesh	   dependent	   results	   under	   combinations	   of	   drained	   or	  undrained	   conditions	   and	   three	   sets	   of	   soil	   properties.	   	   The	   parameters	   required	   to	   use	   the	  nonlocal	  method	  (i.e.	  DL	  and	  RI)	  were	  set	  at	  constant	  values	  for	  these	  analyses.	   	  The	  effects	  of	  varying	   the	   nonlocal	   parameters	   will	   be	   presented	   in	   this	   section	   in	   preparation	   for	   the	  selection	  of	  appropriate	  nonlocal	  model	  parameters	  for	  the	  stiff	  clay	  cutting	  analyses	  in	  Section	  5.3.	  	  The	  parameters	  for	  the	  nonlocal	  method,	  the	  defined	  length,	  DL	  and	  the	  radius	  of	  influence,	  RI	   will	   be	   examined	   first.	   	   The	   variation	   of	   soil	   strength	   properties	  when	   using	   the	   nonlocal	  method	  will	   then	  be	  assessed,	   to	   identify	   any	  unexpected	   influence	  on	   the	   results	   in	   terms	  of	  softening	   and	   slip	   surface	   development.	   	   The	   combined	   use	   of	   soil	   strength	   properties	   and	  nonlocal	   parameters	   to	   achieve	   relevant	   strain	   softening	   behaviour	   is	   also	   investigated.	   Both	  undrained	  and	  drained	  analyses	  will	  be	  performed	  with	  Su	  and	  φ’	  softening	  respectively.	   	  One	  quarter	  of	  the	  biaxial	  compression	  analysis	  is	  modelled	  with	  boundary	  conditions	  as	  specified	  in	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Section	  4.3.3	  and	  shown	  in	  Figure	  4.14(b).	  	  The	  soil	  is	  modelled	  using	  soil	  properties	  from	  Table	  4.2,	  p201,	   for	  undrained	  analyses	  and	  Table	  4.3,	  p202,	   for	  drained	  analyses,	  with	  soil	  strength	  softening	  from	  peak	  to	  residual	  between	  0%	  and	  15%	  nonlocal	  plastic	  strain.	  
5.2.1. Influence	  of	  radius	  of	  influence	  The	  radius	  of	  influence,	  RI,	  is	  an	  optional	  parameter	  that	  limits	  the	  distance	  from	  the	  calculation	  point	  of	  neighbouring	  strains	  that	  will	  be	  included	  in	  the	  nonlocal	  strain	  calculation.	  	  A	  smaller	  RI	  value	  will	  increase	  the	  computational	  efficiency	  of	  an	  analysis.	  	  The	  chosen	  RI	  must	  be	  large	  enough	  to	  include	  sufficient	  reference	  strain	  points	  to	  produce	  the	  same	  or	  very	  similar	  results	  as	   an	  analysis	   that	   references	   all	   strain	  points.	   	  The	  analyses	   in	   this	   section	  will	   investigate	   a	  suitable	  RI	   for	  a	  1m	  by	  1m	  mesh.	  One	  quarter	  of	   the	  biaxial	  compression	  analysis	   is	  modelled	  with	  boundary	  conditions	  as	  specified	  in	  Section	  4.3.3	  and	  shown	  in	  Figure	  4.14(b).	  	  The	  RI	  was	  discussed	  in	  Section	  4.2.4	  and	  it	  was	  concluded	  from	  an	  inspection	  of	  the	  weighting	  function	  in	  Figure	   4.1(a),	   that	   an	  RI	   of	   2.5	   times	   the	  DL	   or	   greater	  will	   include	   all	   points	   that	   contribute	  significantly	   to	   the	  nonlocal	   strain	   calculation.	  An	  RI	  of	  0.4m	  was	  employed	  as	  a	   conservative	  choice	   for	   the	   biaxial	   compression	   analyses	   presented	   in	   Chapter	   4,	   with	   a	   DL	   of	   0.1m.	   The	  suitability	  of	  this	  value	  of	  RI	  will	  be	  tested	  in	  this	  section.	  The	  results	  will	  also	  indicate	  a	  suitable	  RI	  to	  be	  used	  in	  stiff	  clay	  cutting	  analyses,	  which	  will	  be	  explored	  further	  in	  Section	  5.3.5.	  Four	  sets	  of	  analyses	  exploring	  the	  radius	  of	  influence	  are	  presented	  with	  a	  range	  of	  meshes,	  DL	  and	   drained	   or	   undrained	   conditions,	   as	   shown	   in	   Table	   5.1.	   	   A	   visual	   assessment	   of	   the	  variation	  for	  different	  RI	  values	  in	  each	  set	  of	  analyses	  is	  made	  by	  the	  presentation	  of	  the	  results	  in	   two	  graphs.	   	  The	   first	  graph	  displays	   the	  vertical	   reaction	   load	  versus	   the	   imposed	  vertical	  displacement.	   	   The	   second	   graph	   displays	   the	   accumulated	   plastic	   nonlocal	   deviatoric	   strain	  distribution	  for	  the	  central	  areas	  of	  a	  cross	  section	  of	  the	  mesh	  from	  the	  top	  left	  corner	  to	  the	  bottom	  right	  corner.	  	  An	  analysis	  without	  a	  specified	  RI	  is	  shown	  on	  the	  graphs	  by	  a	  black	  solid	  line,	   plotted	  behind	   the	   other	   lines.	   	   This	   no	  RI	   analysis	   includes	   all	   elements	   in	   the	  nonlocal	  strain	  calculations	  and	  provides	  a	  base	  for	  comparison	  of	  both	  the	  accuracy	  of	  the	  analyses	  and	  the	  increased	  numerical	  efficiency.	  	  The	  black	  solid	  line	  is	  not	  visible	  once	  a	  sufficiently	  large	  RI	  provides	  an	  exact	  match	  to	  the	  results.	  	  The	  closer	  the	  results	  from	  analyses	  with	  a	  specified	  RI	  are	  to	  the	  no	  specified	  RI	  results,	  the	  less	  influence	  RI	  has	  on	  the	  results.	  For	  a	  DL	  of	  0.1m,	   it	  can	  be	  seen	  in	  Figure	  5.1	  and	  Figure	  5.2	  that	  an	  RI	  of	  0.3m	  is	  sufficient	  to	  give	   an	   accurate	   result,	   whilst	   an	   RI	   of	   0.2m	   is	   not	   quite	   adequate	   and	   shows	   a	   very	   small	  deviation	  of	  results	  from	  the	  no	  RI	  analysis	  in	  both	  graphs.	  	  Greater	  differences	  are	  observed	  for	  the	   strain	   distribution	   when	   employing	   the	   20x20	   mesh,	   i.e.	   Figure	   5.2(b),	   compared	   to	   the	  10x10	  mesh,	  Figure	  5.1(b).	  	  The	  20x20	  mesh	  produces	  a	  higher,	  more	  concentrated	  shear	  band	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that	  makes	  the	  differences	  more	  pronounced.	  	  For	  a	  DL	  of	  0.2m,	  RI	  of	  0.4m	  was	  sufficient,	  but	  RI	  of	  0.5m	  exactly	  matches	  the	  no	  RI	  results,	  Figure	  5.3.	  	  A	  DL	  of	  0.5m	  is	  a	  ratio	  of	  1:2.5	  for	  DL	  to	  RI.	  	  For	   a	  DL	  of	   0.1m,	   the	   adequate	   radius	   of	   influence	   ratio	  was	  1	   to	  3,	   although	   a	  1	   to	  2.5	   ratio	  value	  was	  not	  considered	  in	  these	  analyses.	  	  The	  drained	  analyses	  for	  a	  DL	  of	  0.1m	  and	  a	  20x20	  elements	  mesh	  are	  presented	  in	  Figure	  5.4.	   	  These	  results	  confirm	  the	  use	  of	  a	  minimum	  RI	  of	  0.3m,	  which	   is	   three	  multiples	   of	   the	   employed	  DL	   =	   0.1m.	   	   The	   RI	   value	  was	   also	   shown	   to	  affect	   the	   peak	   reaction	   load	   for	   these	   analyses,	   Figure	   5.4(a),	   as	   well	   as	   to	   influence	   the	  softening	  rate	  and	  the	  strain	  distribution	  shown	  for	  all	  RI	  analyses	  including	  insufficient	  strain	  reference	  points.	  
Table	  5.1	  Set	  of	  analyses	  exploring	  the	  effect	  of	  the	  radius	  of	  influence	  in	  a	  biaxial	  compression	  analyses	  Mesh	  name	  and	  element	  arrangement	   Element	  size	   Defined	  length	  parameter,	  DL	   Drained	  or	  Undrained	  conditions	   Figure	  10	  x	  10	   0.1m	   0.1	   Undrained	   Figure	  5.1	  10	  x	  10	   0.1m	   0.2	   Undrained	   Figure	  5.2	  20	  x	  20	   0.05m	   0.1	   Undrained	   Figure	  5.3	  20	  x	  20	   0.05m	   0.1	   Drained	   Figure	  5.4	  	  The	   time	   saving	   benefit	   of	   specifying	   a	   radius	   of	   influence	   is	   compared	   in	   Figure	   5.5	   for	   the	  various	  RI	  values	  in	  the	  four	  sets	  of	  analyses	  presented	  in	  this	  section.	  	  The	  time	  compared	  is	  the	  ‘u’	  time	  from	  the	  GNU	  time	  output,	  which	  represents	  the	  total	  number	  of	  CPU	  seconds	  that	  the	  process	   spent	   in	   user	   mode	   (Brouwer,	   2000).	   	   This	   is	   the	   most	   accurate	   measure	   for	   the	  comparison	  of	  analysis	  time	  as	   it	  excludes	  several	  processes	  that	  are	   included	  in	  the	  real	  time	  output	  measured	   in	   hours,	  minutes	   and	   seconds	   (McDougall	   &	  Mauro,	   2006).	   	   These	   include	  waiting	   time	   for	   the	   CPU	   to	   become	   available,	   time	   required	   for	   other	   processes	   and	   tasks	  running	   on	   the	   system	   whilst	   the	   analysis	   is	   running,	   including	   the	   operating	   system,	   other	  processes	  and	  other	  ICFEP	  tasks.	  	  Given	  the	  multicore	  hardware	  employed,	  the	  impact	  of	  these	  processes	   is	   likely	   to	   be	  minimal	   in	  most	   cases,	   but	   using	   the	   CPU	   time	   instead	   of	   real	   time	  excludes	   these	   processes	   from	   comparisons	   of	   time.	   	   The	   time	   saving	   is	   presented	   as	   a	  percentage	  of	  the	  CPU	  time	  for	  the	  analysis	  in	  each	  set	  with	  no	  RI	  specified.	  For	  the	  undrained,	  DL=0.1,	  20x20	  element	  mesh	  set	  of	  analyses,	  Figure	  5.2,	  the	  use	  of	  an	  RI	  of	  0.3m	  takes	   just	  28%	  of	  the	  time	  of	  not	  specifying	  any	  RI,	  Figure	  5.5(b).	   	  This	   is	  approximately	  three	  quarters	  of	  the	  time	  for	  the	  analysis	  employing	  an	  RI	  of	  0.4m,	  which	  is	  40%	  of	  the	  no	  RI	  analysis.	   	   For	   the	   drained	   analyses,	   Figure	   5.5(d),	   RI=0.3m	   took	   28%	   of	   the	   time	   of	   the	  unspecified	   RI	   analysis,	  whilst	   RI=0.4m	   took	   42%	   of	   the	   time.	   	   From	   this	   evidence,	   it	   can	   be	  concluded	  that	  the	  time	  saving	  provided	  by	  the	  RI	  parameter	  is	  similar	  under	  both	  drained	  and	  undrained	  conditions.	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Figure	   5.1	   Effect	   on	   results	   of	   varying	   the	   Radius	   of	   Influence,	   RI.	   Undrained	   analyses	   with	   a	   defined	   length,	   DL	   =	   0.1	   for	   a	   10x10	   elements	   mesh.	   (a)	   Load	   vs.	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Figure	  5.2	  Effect	  on	  results	  of	  varying	  the	  Radius	  of	  Influence,	  RI.	  Undrained	  analyses	  with	  a	  defined	  length,	  DL	  =	  0.1	  for	  a	  20x20	  elements	  mesh.	  (a)	  Load	  vs.	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Figure	  5.3	  Effect	  on	  results	  of	  varying	  the	  Radius	  of	  Influence,	  RI.	  Undrained	  analyses	  with	  a	  defined	  length,	  DL	  =0.2	  for	  a	  10x10	  elements	  mesh.	  (a)	  Load	  vs.	  displacement	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Figure	  5.4	  Effect	  on	  results	  of	  varying	  the	  Radius	  of	  Influence,	  RI.	  Drained	  analyses	  with	  a	  defined	  length,	  DL	  =	  0.1	  for	  a	  20x20	  elements	  mesh.	  (a)	  Load	  vs.	  displacement	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Figure	  5.5	  Time	  saving	  potential	  of	  Radius	  of	  Influence	  for	  analyses	  varying	  the	  radius	  of	  influence.	  When	  RI=0,	  no	  radius	  of	  influence	  is	  employed	  by	  the	  analysis	  and	  all	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For	  the	  undrained	  analyses	  with	  10x10	  element	  meshes,	  Figure	  5.5(a),	  a	  DL	  of	  0.1m	  and	  a	  RI	  of	  0.3m	  took	  37%	  of	  the	  no	  RI	  analysis.	  	  This	  is	  higher	  than	  for	  the	  20x20	  mesh	  analyses	  with	  the	  same	  DL	  and	  RI	  values,	  Figure	  5.5(b)	  and	  (d).	  	  The	  efficiency	  provided	  by	  RI	  is	  therefore	  related	  to	  the	  size	  of	  the	  elements.	  	  With	  smaller	  element	  size	  in	  the	  20x20	  element	  mesh,	  there	  will	  be	  a	   greater	  number	   of	   elements	  within	   the	   zone	   created	  by	  RI	   and	   the	   analysis	   therefore	   takes	  longer	  to	  run	  than	  the	  10x10	  analysis.	  	  However,	  it	  is	  the	  percentage	  of	  a	  no	  RI	  analysis	  that	  is	  compared	  and	  not	  the	  real	  absolute	  time.	  	  The	  percentage	  of	  a	  no	  RI	  analysis	  is	  reduced	  for	  the	  20x20	  compared	  to	  the	  10x10	  analysis	  when	  employing	  a	  RI	  =0.3m.	  	  This	  is	  due	  to	  the	  elements	  that	   lay	  partially	  within	   the	  radius	  of	   influence	  zone.	   	   If	  any	  portion	  of	  an	  element	   is	  within	  a	  distance	  of	  less	  than	  or	  equal	  to	  the	  specified	  RI	  then	  that	  entire	  element	  will	  be	  included	  in	  the	  nonlocal	  calculation	  (see	  Section	  4.2.4).	  	  When	  these	  elements	  spanning	  the	  border	  are	  smaller,	  the	  total	  percentage	  area	  of	  elements	  included	  in	  the	  nonlocal	  calculations	  will	  be	  reduced.	  	  This	  can	  account	  for	  the	  difference	  in	  results	  for	  the	  20x20	  and	  10x10	  mesh	  analyses.	  For	   the	  10x10	  elements	  mesh	   and	  DL=0.2m	  analysis,	   Figure	  5.5(c),	   using	   a	  RI	   of	   0.5m	  with	   a	  ratio	  of	  DL	  to	  RI	  of	  1:2.5,	  took	  61%	  of	  the	  no	  RI	  analysis	  and	  using	  an	  RI	  of	  0.6m	  (ratio	  1:3)	  took	  74%	  of	   the	  no	  RI	   analysis	   CPU	   time.	   	   An	  RI	   of	   0.3m	   requires	   only	   37%	  of	   the	  no	  RI	   analysis,	  similar	   to	   the	  10x10	  mesh	  with	  DL=0.1m	  analysis.	   	  However,	   the	   time	  results	   for	  RI=0.4m	  for	  these	   two	   analyses	   are	   not	   comparable,	   with	   41%	   and	   49%	   for	   DL	   of	   0.1m	   and	   0.2m	  respectively.	  	  DL	  therefore	  has	  some	  impact	  on	  the	  efficiency	  provided	  by	  RI.	  	  Nevertheless,	  for	  the	   DL=0.2	   analysis,	   a	   minimum	   RI	   of	   0.5m	   is	   required	   to	   reproduce	   the	   results	   of	   a	   no	   RI	  analysis.	   	   This	   demonstrates	   that	   the	   efficiency	  provided	  by	  RI	   is	   heavily	   based	   on	   the	   actual	  value	  of	  RI	  specified,	  which	  in	  turn	  is	  dependent	  on	  the	  DL.	  	  A	  larger	  DL	  requires	  a	  larger	  RI.	  	  	  The	   time	   savings	   shown	   in	   these	   analyses	   are	   specific	   to	   the	   analyses	   presented	   and	   only	  provide	  an	   indication	  of	  expected	  time	  savings	   for	  other	  meshes	  and	  boundary	  conditions.	   	   In	  the	  1m	  by	  1m	  analyses	  with	  element	  sizes	  from	  0.1m	  to	  0.025m,	  a	  radius	  of	   influence	  of	  0.3m	  creates	   a	   0.6m	   diameter	   circle	   that	   includes	   a	   very	   large	   percentage	   of	   the	   elements	   when	  centred	  on	  most	  of	  the	  points	  of	  the	  mesh.	  The	  time	  saving	  provided	  by	  RI	  in	  a	  boundary	  value	  problem	  will	  also	  be	  specific	  to	  the	  mesh.	  	  The	  efficiency	  provided	  by	  RI	  for	  cutting	  analyses	  will	  be	  explored	  in	  Section	  5.3.5.	  	  In	  boundary	  value	  problems,	  the	  RI	  circle	  created	  in	  the	  softening	  zones	   is	   likely	   in	   most	   cases	   to	   remain	   completely	   within	   the	   mesh,	   because	   the	   mesh	  boundaries	   are	   located	   far	   from	   the	   area	   of	   interest	   to	   avoid	   boundary	   interaction.	   	   The	  exception	  for	  this	  is	  along	  the	  lines	  of	  symmetry.	  	  In	  the	  biaxial	  compression	  analyses	  presented	  in	  this	  section,	  most	  of	  the	  softening	  zones	  are	  within	  an	  RI	  distance	  from	  the	  mesh	  boundary.	  	  The	  zone	  created	  by	  RI	  therefore	  contains	  areas	  where	  there	  are	  no	  elements,	  which	  affects	  the	  calculation	  of	  efficiency	  provided	  by	  the	  RI	  and	  its	  translation	  to	  the	  boundary	  value	  problem.	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From	  the	  biaxial	  compression	  analyses,	  it	  can	  be	  concluded	  that	  the	  ratio	  of	  DL	  to	  RI	  should	  be	  at	   least	  1:2.5.	   In	   the	  biaxial	   compression	  analyses	  presented	   in	  Chapter	  4,	   an	  RI	  of	  0.4m	   for	  a	  DL=0.1m	   did	   provide	   sufficiently	   accurate	   results,	   but	   at	   least	   for	   the	   G&S	   nonlocal	   strain	  softening	  method	  a	  RI=0.3m,	  three	  multiples	  of	  DL,	  could	  have	  been	  employed	  for	  the	  same	  level	  of	  accuracy	  in	  approximately	  ¾	  of	  the	  time.	   	  A	  radius	  of	   influence	  of	  3	  multiples	  of	  the	  chosen	  defined	  length	  will	  be	  used	  for	  the	  remaining	  analyses	  present	  in	  this	  chapter,	  unless	  otherwise	  stated.	   	   This	  RI	   to	  DL	   ratio	   of	   3	  will	   be	   confirmed	   for	   application	   to	   cutting	   slope	   analyses	   in	  Section	  5.3.5.	  	  
5.2.2. Influence	  of	  the	  Defined	  Length,	  DL	  The	  defined	  or	  characteristic	   length,	  DL,	   is	  a	  required	  input	  for	  all	  nonlocal	  models.	   	   It	  defines	  the	  height	  and	  width	  of	  the	  strain	  redistribution	  equation,	  as	  shown	  in	  Figure	  4.3	  and	  discussed	  in	  Section	  4.2.4.	  	  The	  analyses	  presented	  in	  this	  section	  seek	  to	  confirm	  the	  expected	  influence	  of	  DL	   in	   a	   simple	   strain	   softening	   analysis	   and	   identify	   other	   influences	   that	   relate	   to	   this	  parameter.	   	   The	  wider	   and	   shorter	   shape	   of	   the	  weighting	   function	   related	   to	   a	   higher	  DL	   is	  expected	  to	  produce	  a	  more	  squat	  slip	  surface	  shape.	   	  This	  shape	  results	   in	  a	   lower	  maximum	  strain,	   that	   in	   turn	   causes	   a	   reduction	   of	   the	   softening	   rate	   of	   material	   strength	   during	   the	  analysis.	   	   Three	   1m	   by	   1m	   meshes	   of	   varying	   element	   sizes,	   Figure	   4.16,	   are	   employed	   to	  identify	   any	   mesh	   dependency	   when	   varying	   DL.	   	   	   Two	   sets	   of	   analyses	   were	   performed	   to	  represent	   one	   quarter	   of	   the	   biaxial	   compression	   problem	   under	   undrained	   and	   drained	  conditions	  for	  a	  range	  of	  DL	  values.	  It	  is	  important	  to	  consider	  the	  size	  of	  the	  chosen	  DL	  in	  relation	  to	  the	  element	  sizes	  in	  the	  mesh.	  	  The	   DL	   must	   be	   at	   least	   the	   same	   dimension	   as	   the	   element	   length	   in	   order	   to	   relate	   the	  redistribution	  of	   strain	   to	   strains	  beyond	   the	  element	  where	   the	   calculation	   is	  made.	   	   Sixteen	  displacement	  degrees	  of	  freedom	  (horizontal	  and	  vertical)	  are	  specified	  for	  the	  8	  nodes	  of	  each	  element	   in	   these	   analyses.	   	   These	   are	   located	   on	   the	   corners	   of	   the	   elements	   and	   at	   the	  mid	  point	  of	  each	  side.	   	  With	  a	  DL	  smaller	   than	   the	  distance	  between	   the	  displacement	  degrees	  of	  freedom,	   the	  nonlocal	  strain	  calculation	  would	  have	  very	   little	  effect	  on	  the	  resulting	  nonlocal	  strain	   distribution.	   	   This	   would	   lead	   to	   a	   strain	   distribution	   very	   similar	   to	   the	   local	   strain	  distribution,	  which	  would	  suffer	   from	  the	  same	  numerical	  and	  mesh	  dependency	  problems	  as	  those	  associated	  with	  the	  local	  strain	  softening	  models.	  	  The	  DL	  values	  chosen	  for	  this	  study	  are	  varied	  for	  each	  mesh	  in	  relation	  to	  the	  element	  size,	  to	  assess	  the	  influence	  of	  this	  ratio.	  	  Four	  DL	  values	  are	  selected	  corresponding	  to	  ratios	  of	  1:1,	  1:2,	  1:4	  and	  1:8	  for	  the	  element	  length	  to	  DL	  ratio.	  	  This	  results	  in	  a	  variation	  of	  DL	  from	  0.025m	  to	  0.8m,	  as	  shown	  in	  Table	  5.2.	  	  For	  a	  DL	  of	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0.1m	  and	  0.2m,	  there	  are	  results	  for	  all	  three	  meshes	  with	  element	  sizes	  from	  0.025m	  to	  0.1m.	  	  For	  the	  remaining	  DL	  values,	  one	  or	  two	  meshes	  were	  employed.	  	  
Table	   5.2	   Set	   of	   analyses	   exploring	   the	   effect	   of	   the	   defined	   length	   parameter	   in	   biaxial	   compression	  
analyses,	  showing	  the	  ratio	  of	  element	  size	  to	  DL	  value	  for	  the	  analyses	  performed.	  Mesh	  name	  and	  element	  arrangement	   Element	  size	   Defined	  length	  (DL)	  value	  0.025m	   0.05m	   0.1m	   0.2m	   0.4m	   0.8m	  10	  x	  10	   0.1m	   -­‐	   -­‐	   1:1	   1:2	   1:4	   1:8	  20	  x	  20	   0.05m	   -­‐	   1:1	   1:2	   1:4	   1:8	   -­‐	  40	  x	  40	   0.025m	   1:1	   1:2	   1:4	   1:8	   -­‐	   -­‐	  	  
	  
Figure	  5.6	  The	  effect	  of	  varying	   the	  defined	   length	  parameter,	  DL	   for	  undrained	  analyses,	  employing	   three	  

















Vertical	  displacement	  at	  top	  boundary	  (m)	  
40x40,	  DL=0.025,	  Ratio	  1:1	   10x10,	  DL=0.2,	  Ratio	  1:2	  20x20,	  DL=0.05,	  	  	  Ratio	  1:1	   20x20,	  DL=0.2,	  Ratio	  1:4	  40x40,	  DL=0.05,	  	  	  Ratio	  1:2	   40x40,	  DL=0.2,	  Ratio	  1:8	  10x10,	  DL=0.1,	  	  	  	  	  Ratio	  1:1	   10x10,	  DL=0.4,	  Ratio	  1:4	  20x20,	  DL=0.1,	  	  	  	  	  Ratio	  1:2	   20x20,	  DL=0.4,	  Ratio	  1:8	  40x40,	  DL=0.1,	  	  	  	  	  Ratio	  1:4	   10x10,	  DL=0.8,	  Ratio	  1:8	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The	   results	   for	   undrained	   and	  drained	   analyses	   are	   summarised	   in	   Figure	   5.6	   and	   Figure	   5.7	  respectively.	  	  These	  two	  analysis	  types	  demonstrate	  the	  same	  behaviour;	  for	  an	  increase	  in	  the	  DL	   parameter,	   the	   softening	   rate	   of	   the	   material	   is	   reduced.	   	   The	   undrained	   results	   for	   the	  reaction	   load	   versus	   imposed	   displacement	   show	   consistent	   and	   almost	   mesh	   independent	  behaviour,	  Figure	  5.6.	  	  There	  is	  a	  small	  difference	  for	  the	  DL	  =	  0.05m	  and	  0.1m	  which	  infer	  that	  a	  ratio	  of	  1:1	  for	  element	  to	  DL	  maybe	  problematic.	   	  For	  a	  DL	  =	  0.1m	  results,	   the	  dash	  of	  20x20	  mesh	  and	  dots	  of	  the	  40x40	  mesh	  are	  so	  similar	  that	  they	  appear	  as	  a	  dash	  dot	  line	  in	  Figure	  5.6.	  	  The	  DL	  =	  0.1m	  and	  10x10	  mesh	  does	  not	  coincide.	  	  This	  is	  also	  shown	  for	  the	  DL=0.1m	  drained	  analyses	  with	  the	  10x10	  element	  mesh	  giving	  a	  different	  result	  to	  the	  20x20	  and	  40x40	  results	  with	  the	  same	  DL	  value	  of	  0.1m.	   	  There	  are	  more	  discrepancies	  for	  the	  drained	  results,	  Figure	  5.7.	   	   The	   drained	   results	   are	   therefore	   examined	   in	   further	   detail	   to	   provide	   insight	   into	   the	  effects	  of	  DL	  in	  relation	  to	  element	  size	  and	  to	  explain	  the	  observed	  discrepancies.	  	  	  
	  
Figure	   5.7	   The	   effect	   of	   varying	   the	   defined	   length	   parameter,	   DL	   for	   drained	   analyses	  with	   φ’	   softening,	  

















Vertical	  displacement	  at	  top	  boundary	  (m)	  
40x40,	  DL=0.025,	  Ratio	  1:1	   10x10,	  DL=0.2,	  Ratio	  1:2	  20x20,	  DL=0.05,	  	  	  Ratio	  1:1	   20x20,	  DL=0.2,	  Ratio	  1:4	  40x40,	  DL=0.05,	  	  	  Ratio	  1:2	   40x40,	  DL=0.2,	  Ratio	  1:8	  10x10,	  DL=0.1,	  	  	  	  	  Ratio	  1:1	   10x10,	  DL=0.4,	  Ratio	  1:4	  20x20,	  DL=0.1,	  	  	  	  	  Ratio	  1:2	   20x20,	  DL=0.4,	  Ratio1:8	  40x40,	  DL=0.1,	  	  	  	  	  Ratio	  1:4	   10x10,	  DL=0.8,	  Ratio	  1:8	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The	   reaction	   load	   vs.	   displacements	   results	   are	   displayed	   by	   DL	   in	   Figure	   5.8.	   	   The	   strain	  distributions	   for	   a	   diagonal	   cross	   section	   of	   the	   mesh	   of	   all	   these	   drained	   analyses	   are	   also	  explored,	  to	  identify	  and	  assess	  the	  differences	  in	  the	  formation	  of	  the	  slip	  surface.	   	  The	  strain	  distribution	  is	  presented	  in	  three	  figures,	  displayed	  by	  DL,	  by	  the	  ratio	  of	  element	  size	  to	  DL	  and	  by	  mesh	  employed	   in	  Figure	  5.9,	  Figure	  5.10	  and	  Figure	  5.11	  respectively.	   	  The	  most	  obvious	  anomaly	  when	  comparing	  the	  result	  by	  DL	  is	  the	  different	  softening	  rates	  exhibited	  by	  the	  two	  analyses	  for	  the	  same	  value	  of	  DL=0.05m,	  Figure	  5.8(b).	  	  This	  difference	  can	  be	  explained	  with	  a	  comparison	   of	   the	   slip	   surface	   formed	   in	   each	   of	   these	   two	   analyses.	   	   In	   Figure	   5.9(b),	   the	  accumulated	  nonlocal	  plastic	  deviatoric	  strain	  distribution	   identifies	   the	   formation	  of	   two	  slip	  surfaces	  for	  the	  20x20	  mesh	  (dashed	  line)	  and	  a	  single	  slip	  surface	  formed	  for	  the	  40x40	  mesh	  (dotted	   line).	   	  The	  softening	  rate	   for	  the	  40x40	  element	  mesh	  shown	  in	  Figure	  5.7	   follows	  the	  general	   pattern	   of	   behaviour	   and	   the	   formation	   of	   a	   single	   slip	   surface	   confirms	   that	   this	  analysis	   provides	   the	   expected	   softening	   rate	   for	   this	   value	   of	  DL.	   	   The	   formation	   of	   two	   slip	  surfaces	   for	   the	   20x20	   element	  mesh	   explains	   the	   slower	   softening	   rate,	   Figure	   5.8(b).	   	   The	  applied	   vertical	   displacement	   is	   split	   between	   two	   slip	   surfaces	   and	   therefore	   applied	   over	   a	  greater	   length.	   	   The	   strain	   will	   be	   lower	   for	   the	   same	   applied	   vertical	   displacement	   and	  therefore	  the	  rate	  of	  softening	  will	  be	  lower.	  The	   small	   difference	   in	   the	   results	   for	   the	   maximum	   reaction	   load	   and	   softening	   rate	   for	  DL=0.4m	  analyses	  in	  Figure	  5.8(e)	  can	  also	  be	  explained	  using	  the	  strain	  distribution	  for	  those	  analyses.	  	  Two	  slip	  surfaces	  have	  formed	  for	  the	  20x20	  and	  DL=0.4m	  analysis.	  	  The	  difference	  in	  strain	  softening	  rate	   is	  smaller	  and	  the	  two	  slip	  surfaces	  that	  have	  developed	  are	  much	  closer	  together	  than	  the	  DL=0.05m	  results.	  	  This	  double	  slip	  surface	  can	  be	  seen	  in	  Figure	  5.9(e),	  but	  it	  is	   more	   obvious	   in	   Figure	   5.10(d)	   (blue	   dashed	   line).	   	   	   A	   similar	   double	   dip	   slip	   surface	   is	  exhibited	   by	   DL=0.2	   for	   the	   20x20	   and	   40x40	   meshes,	   Figure	   5.9(d),	   which	   can	   explain	   the	  minor	  differences	  in	  the	  softening	  rate	  in	  Figure	  5.8(d).	  	  An	  examination	  of	  the	  results	  sorted	  by	  the	  ratio	  of	  element	  size	  to	  DL	  in	  Figure	  5.10,	  reveals	  that	  all	  the	  analyses	  with	  a	  ratio	  of	  1:4	  and	  1:8	  have	  formed	  more	  than	  one	  single	  slip	  surface,	  Figure	  5.10(c)	  and	  (d).	  	  	  The	  ratio	  of	  1:2	  for	  element	  size	  to	  DL	  in	  Figure	  5.10(b)	  provides	  the	  only	  set	  of	  results	  with	  a	  single	  smooth	  slip	  surface	  for	  each	  analysis,	  as	  the	  20x20	  and	  DL=0.05m	  analysis	  produced	  two	  separate	  slip	  surfaces,	  Figure	  5.10(a).	  	  The	  1:2	  ratio	  would	  therefore	  be	  the	  recommended	  value	  when	   designing	   a	   mesh	   layout	   for	   a	   specified	   DL	   value.	   In	   a	   boundary	   value	   problem,	   the	  number	   of	   elements	   will	   be	   optimised	   to	   provide	   sufficient	   accuracy,	   whilst	   minimising	   the	  computational	   cost	   of	   the	   finite	   element	   analysis.	   	   With	   current	   computational	   efficiency	   it	  would	  be	  unlikely	  for	  a	  cutting	  analysis	  to	  employ	  a	  mesh	  sufficiently	  fine	  for	  an	  element	  size	  to	  DL	   ratio	  of	  1:4	  or	  1:8,	  without	   a	   very	   slow	  strain	   softening	   rate.	   	  The	  1:1	   ratio	  was	   shown	   to	  
	  	  	   263	  
provide	   slightly	   different	   results	   for	   the	   undrained	   and	   drained	   analyses	   in	   Figure	   5.6	   and	  Figure	  5.7.	  	  The	  examination	  of	  the	  strain	  distribution	  results	  employing	  this	  1:1	  ratio	  either	  by	  mesh	  employed,	  DL	  value,	  ratio	  of	  element	  size	   to	  DL	  has	  not	  provided	  an	  explanation	   for	   the	  difference	  seen	   in	   the	   load	  vs.	  displacement	  graphs	   for	   this	   ratio	   in	  Figure	  5.6,	  Figure	  5.7	  and	  Figure	  5.8(c).	  	  The	  1:1	  ratio	  for	  DL	  to	  element	  size	  should	  therefore	  be	  treated	  with	  caution.	  The	  drained	  analyses	  results	  exhibit	  small	  differences	  depending	  on	  the	  mesh	  employed.	   	  This	  demonstrates	  that	  although	  the	  nonlocal	  G&S	  method	  has	  reduced	  the	  mesh	  dependency	  of	  the	  results	  compared	  to	  the	  local	  strain	  softening	  method,	  Figure	  4.30(b),	  for	  drained	  analyses	  the	  results	   are	   still	   not	   completely	  mesh	   independent.	   	   To	  help	   determine	   suitable	   values	   for	   the	  nonlocal	   parameters	   for	   a	   drained	   boundary	   value	   problem,	   the	   mesh	   dependency	   of	   the	  nonlocal	   method	   shown	   under	   some	   conditions	   should	   be	   remembered,	   whilst	   the	   general	  patterns	  of	  behaviour	   inform	   the	  nonlocal	  parameters	   choices.	   	  The	  observed	  disparities	  may	  aid	  in	  the	  interpretation	  of	  results	  from	  boundary	  value	  problems	  and	  help	  to	  identify	  a	  suitable	  DL	  parameter	  that	  does	  not	  demonstrate	  high	  mesh	  dependency	  in	  the	  biaxial	  compression	  and	  drained	  boundary	  value	  problem	  analyses.	  It	   has	   already	   been	   shown	   that	   an	   increase	   in	   DL	   reduces	   the	   softening	   rate.	   	   The	   slower	  softening	   rates	   shown	   in	   Figure	   5.7	   and	   Figure	   5.8	   correspond	   to	   a	   smaller	   maximum	  accumulated	   nonlocal	   plastic	   deviatoric	   strain	   as	   DL	   increases.	   	   The	   strains	   after	   0.04m	   of	  imposed	  vertical	  displacement	  are	  shown	  in	  Figure	  5.9.	  	  The	  maximum	  strain	  value	  is	  similar	  for	  the	  same	  DL,	  irrespective	  of	  the	  mesh	  used,	  apart	  for	  DL=0.05m	  where	  one	  analysis	  formed	  two	  distinct	  slip	  surfaces,	  Figure	  5.9(b).	  	  The	  width	  of	  the	  slip	  surface	  is	  not	  constant	  for	  a	  given	  DL,	  as	  seen	   in	  Figure	  5.9.	   	  Figure	  5.11	  demonstrates	  that	   the	  mesh	  and	  therefore	  the	  element	  size	  also	  affect	  the	  slip	  surface	  width.	  	  This	  effect	  is	  more	  pronounced	  for	  the	  smallest	  element	  size,	  as	   seen	   in	   Figure	   5.11(d)	   with	   the	   0.025m	   sized	   elements	   in	   a	   40x40	   configuration.	   	   This	  demonstrates	  that	  the	  nonlocal	  methods	  are	  still	  mesh	  dependent	  to	  some	  extent.	  	  However,	  the	  solution	  provided	  by	  the	  nonlocal	  method	  gives	  the	  same	  maximum	  nonlocal	  strain	  for	  the	  same	  DL,	   independent	  of	   the	  mesh.	   	  The	  softening	  rate	   is	  affected	  by	  DL,	  but	  unaffected	  by	  element	  size.	  	  The	  slip	  surface	  widths	  are	  approximately	  0.3m	  for	  the	  0.1m	  10x10	  elements	  mesh,	  0.2m	  for	   the	   0.05m	   20x20	   elements	  mesh	   and	   0.1m	   for	   the	   0.025m	   40x40	   elements	  mesh.	   	   If	   the	  simulation	   of	   the	   slip	   surface	   width	   is	   important	   then	   the	   element	   size	   should	   be	   varied	   to	  control	  this	  width	  as	  opposed	  to	  manipulation	  using	  the	  DL	  parameter.	  It	   could	   be	   argued	   that	   the	   change	   of	   slip	   surface	   width	   with	   element	   size	   is	   a	   realistic	  simulation	  of	   the	  problem.	   	   If	   the	   slip	   surface	   that	   the	  analyses	  aim	   to	   represent	   is	   smaller	   in	  width	   than	   the	   resolution	   provided	   by	   the	   element	   sizes	   in	   the	   mesh	   or	   spread	   between	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elements,	   then	   the	   strain	   calculated	   is	   an	   average	   of	   the	   strain	  within	   the	   element	   area.	   	   The	  wider	  slip	  surface	   for	   larger	  elements	  could	  be	   interpreted	  as	   the	  average	   for	  a	  wider	  area	   to	  represent	   the	  same	  slip	  surface	  without	  changing	   the	  other	  behaviour	  of	   the	  soil.	   	  The	  double	  slip	  surfaces	  for	  the	  10x10	  mesh	  analyses	  with	  DL	  =	  0.4m	  and	  0.8m	  result	  in	  a	  larger	  slip	  surface	  width	  of	  0.4m.	  	  These	  two	  results	  could	  be	  a	  function	  of	  the	  mesh	  size	  of	  the	  biaxial	  compression	  analysis.	  	  The	  mesh	  is	  only	  1m	  by	  1m	  in	  size,	  signifying	  that	  the	  reference	  zone	  for	  a	  DL	  of	  0.4m	  or	  0.8m	  will	  have	  a	  significant	  area	  lying	  outside	  of	  the	  defined	  problem	  for	  many	  parts	  of	  the	  mesh.	  	  This	  creates	  a	  lack	  of	  reference	  strains	  in	  some	  areas	  and	  could	  lead	  to	  the	  spread	  of	  the	  slip	  surface.	  	  In	  a	  boundary	  value	  problem,	  the	  mesh	  boundaries	  will	  be	  placed	  far	  from	  the	  area	  where	   soil	  movement	   occurs	   to	   avoid	   the	   boundaries	   influencing	   the	   results.	   	   Ideally	   the	   DL	  employed	   will	   be	   small	   compared	   to	   the	   overall	   mesh	   dimensions.	   	   	   The	   areas	   where	   slip	  surfaces	  are	  formed	  would	  then	  be	  able	  to	  refer	  to	  a	  full	  compliment	  of	  reference	  strains	  from	  the	  surrounding	  zone.	  These	  analyses	  demonstrate	  that	  an	  increase	  in	  DL	  reduces	  softening	  rate.	  	  The	  maximum	  strain	  on	  the	  slip	  surface	  is	  mesh	  independent,	  although	  the	  slip	  surface	  width	  is	  mesh	  dependent.	  	  A	  ratio	  of	  1	  element	  length	  to	  2	  DL	  provides	  the	  most	  consistent	  results.	  	  The	  slip	  surface	  spread	  observed	   for	  DL	  =	  0.4m	  and	  0.8m	  could	  also	  be	  due	   to	   the	  DL	  being	  close	   in	  size	   to	   the	  mesh	  dimensions	  resulting	  in	  a	  lack	  of	  reference	  strains	  for	  the	  nonlocal	  strain	  calculations.	  	  Given	  the	  significant	  additional	  computational	  and	  time	  cost	  of	  employing	  a	  6400	  (80x80)	  element	  mesh	  as	   oppose	   to	   a	   1600	   (40x40)	   element	   mesh,	   the	   current	   results	   are	   considered	   sufficient	   to	  provide	   an	   indication	   of	   the	   influence	   of	   DL	   and	   interaction	   with	   meshes	   of	   different	  discretisations.	   	   Additional	   investigations	   into	   the	   effect	   of	   DL	   for	   excavated	   slope	  meshes	   of	  different	  discretisations	  are	  presented	  in	  Section	  5.3.2.	  	  A	  suitable	  DL	  that	  provides	  the	  desired	  softening	  response	  for	  London	  Clay	  is	  assessed	  in	  Section	  5.3.4.	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Figure	  5.8	  Reaction	  load	  vs.	  displacement	  graphs	  presented	  by	  the	  defined	  length,	  DL	  of	  the	  effect	  of	  varying	  the	  parameter,	  DL	  for	  drained	  analyses	  with	  φ’	  softening,	  
employing	  three	  meshes	  of	  varying	  discretisations.	  	  The	  ratio	  compares	  ‘element	  size:	  defined	  length,	  DL’.	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Figure	   5.9	   The	   effect	   of	   varying	   DL	   on	   the	   strain	   distribution	   for	   a	   diagonal	   cross	   section.	   	   For	   drained	   analyses	   with	   φ’	   softening	   after	   0.04m	   applied	   vertical	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Figure	  5.10	  Presentation	  by	  the	  ratio	  of	  element	  size	  to	  DL	  of	  the	  effects	  of	  varying	  the	  nonlocal	  parameter,	  DL	  on	  the	  strain	  distribution	  for	  a	  diagonal	  cross	  section	  after	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Figure	  5.11	  Presentation	  by	  mesh	  discretisation	  of	  the	  effect	  of	  varying	  the	  parameter	  DL	  on	  the	  strain	  distribution	  of	  a	  diagonal	  cross	  section	  after	  0.04m	  imposed	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5.2.3. Influence	  of	  Strength	  Parameters	  For	   undrained	   analyses	   employing	   a	   Tresca	   failure	   criterion,	   strength	   is	   specified	   using	   the	  undrained	  strength,	  Su.	   	  For	  drained	  analyses	  employing	  a	  Mohr	  Coulomb	  failure	  criterion,	  the	  strength	  of	  the	  soil	  can	  be	  specified	  by	  the	  angle	  of	  shearing	  resistance,	  φ’	  and	  the	  cohesion	  of	  the	  soil,	   c’.	   	   In	  Chapter	  4,	   two	  sets	  of	  drained	  analyses	  were	  presented.	   	  One	  specified	  only	  φ’	  with	   c’=0	   and	   softening	   of	   the	   soil	   began	   as	   soon	   as	   the	   material	   reached	   a	   threshold	   of	  deviatoric	   plastic	   strain,	   Table	   4.3.	   	   The	   second	   set	   of	   analysis	   used	   strength	   parameters	  representative	   of	   London	   Clay,	   Table	   4.4.	   	   They	   included	   both	  φ’	   and	   c’	   softening	   that	   began	  after	  the	  material	  had	  undergone	  5%	  nonlocal	  plastic	  deviatoric	  strain	  with	  the	  same	  softening	  rate	  for	  both	  strength	  parameters.	   	  The	  rate	  of	  softening	  was	  the	  same	  for	  both	  sets,	  occurring	  over	  15%	  nonlocal	  plastic	  deviatoric	  strain.	  	  The	  pre-­‐peak	  stiffness	  was	  different,	  with	  a	  Young’s	  Modulus,	  E,	  of	  50,000kPa	  for	  the	  φ’	  softening	  and	  for	  the	  London	  Clay	  material,	  a	  minimum	  E	  of	  4,000kPa	   which	   varies	   with	   stress	   to	   around	   8,000kPa	   using	   equation	   E	   =	   25(p’+100).	   	   The	  reaction	   load	  versus	  displacement	   graphs	   for	   the	  undrained	  analyses	   and	  each	   set	   of	   drained	  analyses	  formed	  distinct	  shapes,	  (see	  Figure	  4.27,	  Figure	  4.30	  and	  Figure	  4.33).	  	  The	  analyses	  in	  this	   section	   will	   be	   helpful	   in	   the	   interpretation	   of	   the	   stiff	   clay	   cutting	   analyses	   to	   have	   an	  understanding	  of	  the	  influence	  of	  the	  strength	  parameters,	  softening	  parameters	  and	  other	  soil	  strength	  properties	  on	  the	  loading	  response	  as	  well	  as	  the	  formation	  and	  shape	  of	  a	  slip	  surface.	  	  
5.2.3.1. Dilation	  Angle	  One	  soil	  property	  that	  has	  been	  demonstrated	  as	  influencing	  the	  location	  and	  shape	  of	  the	  slip	  surface	  in	  a	  stiff	  clay	  cutting	  is	  the	  angle	  of	  dilation,	  ψ’	  (Potts	  et	  al.,	  1997).	  	  The	  angle	  of	  dilation	  controls	  the	  development	  of	  plastic	  volumetric	  strain	  during	  plastic	  shearing.	  	  An	  increase	  in	  ψ’	  increases	   the	   volumetric	   strain	   developed	   on	   the	   slip	   surface.	   	   It	   was	   discussed	   by	   Galavi	   &	  Schweiger	  (2010)	  that	  a	  zero	  value	  for	  ψ’	  would	  cause	  thinner	  shear	  bands	  and	  modelling	  very	  thin	   discontinuities	   is	   not	   effective	  with	   the	   nonlocal	   strain	   softening	  method	   as	   this	  method	  works	  by	  redistributing	  strain	  over	  a	  wider	  area.	  	  It	  is	  therefore	  useful	  to	  assess	  the	  influence	  of	  the	   dilation	   angle	   in	   a	   nonlocal	   analysis.	   	   When	   the	   φ’	   is	   equal	   to	   ψ’,	   the	   yield	   and	   plastic	  potential	   surfaces	   are	   identical	   and	   the	   flow	   rule	   is	   said	   to	   be	   associated.	   	   If	   these	   values	   are	  different	   then	   the	   flow	   rule	   is	   non-­‐associated.	   	   Potts	   et	   al.	   (1997)	   showed	   that	   changes	   in	  ψ’	  caused	  a	  change	  in	  the	  location	  of	  the	  critical	  slip	  surface.	   	  This	  occurred	  due	  to	  the	  kinematic	  freedom	   of	   the	   cutting	   analysis.	   	   However,	   a	   ψ’	   of	   zero	  was	   assumed	   for	   all	   other	   softening,	  cutting	  analyses	  by	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1997).	  	  In	  the	  field,	  the	  dilation	  would	  be	  restricted	   to	   a	  much	   thinner	   rupture	   zone	   than	   the	  1m	  element	   size	   employed	   in	   these	   finite	  element	   analysis	   could	   represent.	   	   Inclusion	   of	   dilation	   effects	   could	   cause	   an	   increase	   in	   the	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width	  of	  the	  strain	  concentration	  representing	  a	  further	  increase	  in	  the	  slip	  surface	  width	  that	  is	  already	   thicker	   than	   expected	   in	   a	   real	   stiff	   clay	   cutting.	   	   The	   use	   of	   ψ’=0	   would	   provide	   a	  smaller	  slip	  surface	  width	  and	  therefore	  a	  better	  representation	  of	  reality	  (Potts	  et	  al.,	  1997).	  In	  all	   the	  previous	  analyses	  presented	  in	  this	  thesis,	  ψ’	  has	  been	  specified	  as	  zero	  and	  the	  soil	  strength	  has	  been	  non-­‐associated.	  	  A	  set	  of	  analyses	  was	  performed	  to	  evaluate	  the	  influence	  of	  ψ’	  with	  ψ’=0	  and	  ψ’	  equal	  to	  φ’	  at	  both	  peak	  and	  residual	  limits	  and	  both	  softening	  at	  the	  same	  rate.	   	  Drained	  analyses	  with	  a	  DL	  of	  0.1m	  and	  RI	  of	  0.4m	  were	  performed	  employing	  three	  1m	  by	   1m	   meshes	   of	   different	   discretisations	   to	   represent	   a	   quarter	   of	   the	   biaxial	   compression	  problem.	  	  The	  results	  are	  presented	  in	  Figure	  5.12	  and	  exhibit	  low	  mesh	  dependence	  for	  the	  3	  mesh	   discretisations	   used,	   especially	   for	   the	   20x20	   and	   40x40	   element	   configurations.	   	   The	  associated	  results	   soften	  more	  quickly	   than	   the	  non-­‐associated,	  Figure	  5.12(a),	   indicating	   that	  the	  formation	  of	  the	  slip	  surface	  is	  faster.	  	  A	  very	  small	  reduction	  in	  the	  maximum	  reaction	  load	  shows	  that	  as	  the	  softening	  of	  the	  material	  begins,	  the	  presence	  of	  a	  dilation	  angle	  increases	  the	  slip	  surface	  formation	  even	  at	  the	  initiation	  of	  softening.	  	  	  The	   strain	   distributions	   for	   these	   two	   sets	   of	   analyses	   are	   compared	   in	   Figure	   5.12(b).	   	   The	  associated	  results	  form	  a	  higher	  strain	  distribution	  of	  the	  non-­‐associated	  results.	  	  For	  each	  mesh	  the	  shape	  of	   the	  associated	  results	   is	  a	  stretched	  version	  of	   the	  corresponding	  non-­‐associated	  result.	  	  The	  width	  of	  the	  slip	  surface	  changes	  with	  the	  mesh	  employed	  and	  therefore	  the	  element	  size,	  further	  evidence	  of	  the	  effects	  discussed	  in	  the	  previous	  section.	  	  The	  inclusion	  or	  exclusion	  of	  a	  dilation	  angle	  does	  not	  cause	  a	  change	  in	  the	  width	  of	  the	  slip	  surface	  formed.	  	  This	  refutes	  the	  inference	  by	  Galavi	  &	  Schweiger	  (2010)	  that	  a	  thinner	  slip	  surface	  will	  form.	  	  This	  problem	  is	  kinematically	  restrained	  and	  this	  could	  explain	  why	  the	  width	  of	   the	  strain	  distribution	  has	  not	  been	  altered	  by	  the	  inclusion	  of	  ψ’.	   	  A	  comparison	  of	  the	  volumetric	  strains	  shows	  that	  the	  increase	   in	   deviatoric	   strain	   for	   the	   associated	   analyses	   is	   due	   to	   an	   increase	   in	   volumetric	  strain.	   	  The	  volumetric	   strain	   in	   the	  non-­‐associated	  analyses	   is	  only	  elastic	  volumetric	   strains	  and	   therefore	   very	   small.	   	   For	   the	   associated	   analyses,	   the	   peak	   volumetric	   strains	   are	   now	  plastic	  and	  elastic	  with	  values	  between	  0.1	  and	  0.3	  for	  the	  three	  analyses.	  	  This	  accounts	  for	  the	  increase	  in	  strain	  of	  the	  stretched	  results,	   for	  the	  associated	  analyses.	   	  The	  influence	  of	  ψ’	  will	  also	   be	   explored	   in	   Appendix	   A.2	   to	   assess	   its	   impact	   within	   a	   kinematically	   unrestrained	  cutting	  analysis	  boundary	  value	  problem.	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Figure	  5.12	  The	  effects	  of	  associated	  material	  strength,	  Drained	  Analyses	  with	  φ’	  and	  ψ	  softening	  Nonlocal	  Parameters:	  DL=0.1	  and	  RI	  =0.4	  (a)	  Load	  vs.	  displacement	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5.2.3.2. Combination	  of	  Softening	  Rate	  and	  Defined	  Length	  parameter	  The	   DL	   parameter	   directly	   affects	   the	   softening	   rate,	   as	   discussed	   in	   Section	   5.2.2.	   	   It	   was	  suggested	   that	   the	   DL	   parameter	   and	   softening	   rate	   could	   be	   combined	   and	   manipulated	   to	  control	   the	   slip	   surface	   width	   (Galavi	   &	   Schweiger,	   2010;	   Marcher,	   2003).	   	   It	   was	   shown	   in	  Section	  5.2.2	  that	  although	  DL	  affected	  the	  maximum	  strain	  and	  therefore	  the	  softening	  rate,	  the	  width	  of	  the	  slip	  surface	  had	  a	  stronger	  correlation	  with	  the	  element	  size	  of	  the	  mesh	  employed,	  Figure	  5.11.	  	  However,	  the	  manipulation	  of	  a	  relation	  between	  DL	  and	  softening	  rate	  could	  still	  be	  useful	  because	  a	   larger	  value	   for	  DL	  could	  be	  employed,	  whilst	  modelling	   the	  required	  soil	  behaviour.	  	  A	  larger	  value	  of	  the	  DL	  parameter	  would	  permit	  the	  use	  of	  larger	  element	  sizes	  in	  the	  mesh,	  thereby	  increasing	  the	  numerical	  efficiency	  of	  analyses.	  	  This	  manipulation	  would	  be	  most	  useful	  when	  the	  choice	  of	  DL	  is	  dependent	  on	  matching	  the	  softening	  rate	  of	  the	  material,	  while	  the	  width	  of	  the	  slip	  surface	  created	  is	  of	  low	  importance.	  A	  series	  of	  analyses	  with	  undrained	  and	  drained	  conditions	  have	  been	  performed	  to	  assess	  the	  impact	   of	   a	   change	   in	   softening	   rate	   on	   slip	   surface	   formation	   and	   examine	   the	   relationship	  between	  DL	  and	  the	  softening	  rate.	   	  Three	  meshes	  of	  different	  discretisations	  are	  employed	  to	  model	  a	  quarter	  of	  the	  biaxial	  compression	  problem.	  The	  DL	  value	  is	  constant	  for	  each	  mesh	  and	  is	  twice	  the	  size	  of	  elements	  in	  the	  mesh	  employed.	  	  Three	  analyses	  were	  performed	  for	  each	  DL	  and	  mesh	  combination	  with	  a	  variation	  of	  the	  softening	  rate.	  	  The	  peak	  strength	  limit,	  εp	  is	  set	  at	  0%	   plastic	   strain	   for	   all	   analyses.	   	   The	   residual	   strength	   is	   reached	   at	   15%,	   7.5%	   or	   3.75%	  plastic	  deviatoric	  strain,	  to	  vary	  the	  softening	  rate	  at	  the	  same	  ratio	  for	  the	  element	  sizes	  of	  the	  three	  meshes.	   	   The	   strength	   is	   specified	  using	   Su	   for	   the	   undrained	   analyses	   and	   the	   angle	   of	  shearing	   resistance	   φ’	   (c’=0)	   for	   the	   drained	   analyses.	   	   The	   use	   of	   cohesional	   strength	   c’	   in	  drained	  analyses	  is	  assessed	  in	  Section	  5.2.3.4.	  The	   results	   for	   the	   undrained	   analyses	   are	   summarised	   in	   Figure	   5.13	   and	   for	   the	   drained	  analyses	  in	  Figure	  5.14.	  	  The	  colours	  of	  the	  lines	  represent	  the	  difference	  between	  the	  peak	  and	  residual	  strength	  limits,	  i.e.	  the	  softening	  rate.	  	  The	  line	  type	  represents	  the	  mesh	  and	  therefore	  the	  DL	  employed.	  	  The	  results	  show	  that	  for	  the	  same	  product	  of	  DL	  and	  strain	  softening	  range	  (DL	   by	   εr),	   the	   softening	   of	   the	  material	   is	   similar.	   	   To	   confirm	   and	   further	   assess	   the	   DL*εr	  relationship	  the	  results	  are	  presented	  in	  terms	  of	  DL*εr	  value	  in	  Figure	  5.15	  for	  the	  undrained	  analyses	  and	  Figure	  5.16	  for	  the	  drained	  analyses.	  	  Analyses	  with	  the	  same	  DL	  by	  εr	  analyses	  are	  similar,	  but	  not	  exact	  in	  terms	  of	  maximum	  reaction	  load	  and	  gradient	  of	  the	  softening	  branch	  of	  the	  graphs.	   	  The	  enlargement	  of	  the	  maximum	  reaction	  load	  area	   in	  Figure	  5.15(a)	  and	  Figure	  5.16(a)	   demonstrates	   that	   the	  maximum	   reaction	   load	   is	   different	   for	   each	  DL	  by	   εr	   group	   of	  analyses.	   	   For	   each	   analysis	   within	   a	   DL	   by	   εr	   group	   this	   peak	   load	   also	   varies	   by	   a	   smaller	  amount.	   	  The	  point	  of	  softening	  is	  therefore	  affected	  by	  softening	  rate	  and	  element	  size	  or	  DL.	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There	  is	  also	  a	  difference	  in	  the	  gradient	  of	  the	  softening	  branch	  of	  the	  load	  versus	  displacement	  graphs.	   	  An	  increase	  in	  the	  product	  of	  DL	  by	  εr	  results	  in	  a	  decrease	  of	  the	  gradient	  of	  the	  load	  versus	  displacement	  softening	  branch.	  	  Although	  there	  is	  a	  correlation	  between	  the	  analyses	  for	  the	  same	  DL	  by	  εr,	  the	  match	  is	  not	  exact.	  	  
	  
Figure	  5.13	  The	  effects	  of	  softening	  rate	  for	  undrained	  analyses.	  	  Analyses	  are	  for	  three	  mesh	  discretisations	  
with	  a	  DL	  twice	  the	  size	  of	  the	  elements	  and	  the	  strain	  at	  which	  residual	  material	  strength	  is	  reached,	  εr,	  is	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reason	   for	   this	   discrepancy	   becomes	   clear	   upon	   inspection	   of	   the	   strain	   distribution	   of	   a	  diagonal	   cross	   section	   of	   the	  mesh	   for	   the	   drained	   analyses,	   Figure	   5.17.	   For	   both	   the	   20x20	  elements	  mesh,	  (Figure	  5.17(b))	  and	  the	  40x40	  elements	  mesh,	  (Figure	  5.17(c))	  the	  εr	  =	  3.75%	  analyses	  show	  the	  development	  of	  two	  slip	  surfaces.	  	  The	  different	  rate	  of	  the	  40x40	  and	  3.75%	  residual	   softening	   limit	  analysis	  was	  not	   immediately	  noticeable	   in	  Figure	  5.14,	  as	   there	   is	  no	  corresponding	  DL	  by	  εr	  drained	  analysis	  to	  compare	  it	  to.	  	  A	  comparison	  of	  the	  40x40	  mesh	  and	  3.75%	  strain	  range	  analyses	   in	  Figure	  5.13	  and	  Figure	  5.14	  highlights	   the	  sudden	  change	   to	  a	  lower	  gradient	  in	  the	  drained	  analyses	  that	  is	  caused	  by	  the	  formation	  of	  a	  double	  slip	  surface.	  	  
	  
Figure	  5.14	  The	  effects	  of	  softening	  rate	  for	  drained	  analyses	  with	  φ’	  softening.	  	  Analyses	  are	  for	  three	  mesh	  
discretisations	  with	  a	  DL	  twice	  the	  size	  of	  the	  elements	  and	  the	  strain	  at	  which	  residual	  material	  strength	  is	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The	   double	   slip	   surface	   causes	   a	   slower	   rate	   of	   softening	   because	   the	   imposed	   vertical	  displacement	  is	  applied	  along	  a	  greater	  total	  length	  of	  slip	  surface	  and	  the	  corresponding	  strain	  is	  smaller	  compared	  to	  analyses	  with	  a	  single	  and	  therefore	  shorter	  slip	  surface	  length.	   	  These	  two	   analyses	   suggest	   that	   a	   greater	   rate	   of	   softening	   can	   cause	   anomalous	   results.	   	   A	   greater	  rate	  of	  softening,	  corresponding	  to	  a	  smaller	  difference	  between	  the	  strength	   limits,	   results	   in	  larger	  changes	  in	  strain	  per	  increment	  during	  slip	  surface	  development.	  	  If	  this	  gradient	  change	  were	   sufficiently	   high,	   it	   could	   prevent	   the	   nonlocal	   strain	   method	   from	   having	   its	   full	  regularisation	  effect	  or	  require	  a	  smaller	   increment	  size	  and	  therefore	  more	   increments.	   	  This	  would	   also	   explain	  why	   the	   10x10	  mesh	  with	   εr	  =	   3.75%	   remains	   unaffected,	   but	   the	   smaller	  element	  sizes	   in	   the	  20x20	  and	  40x40	  mesh	  analyses	  are	  affected.	   	  The	  same	  change	   in	  strain	  would	   occur	   within	   the	   10x10	   analysis,	   but	   the	   larger	   element	   size	   creates	   a	   lower	   strain	  gradient	   over	   the	   element.	   	   With	   the	   larger	   elements	   there	   is	   a	   wider	   slip	   surface	   and	   the	  changes	   in	   strain	   are	   not	   as	   large.	   	   	   Increasing	   the	   softening	   rate	   could	   potentially	   cause	  problems	  in	  a	  finite	  element	  analysis.	  	  This	  could	  be	  exacerbated	  by	  the	  use	  of	  small	  elements.	  The	  strain	  distributions	  showing	  the	  development	  of	  a	  single	  slip	  surface	   in	  Figure	  5.17,	  show	  that	  the	  strain	  softening	  rate	  does	  not	  affect	  the	  width	  of	  the	  slip	  surface	  developed	  or	  greatly	  change	  the	  peak	  strain	  values.	  	  The	  distribution	  of	  strain	  for	  the	  10x10	  element	  mesh	  analyses,	  Figure	   5.17(a)	   presents	   a	   small	   change	   in	   the	   shape	   of	   the	   distribution	   as	   softening	   rate	   is	  varied.	   	   The	   width	   of	   the	   slip	   surface	   varies	   with	   each	   mesh	   and	   DL	   combination.	   	   A	   larger	  element	   size	   and	   DL	   results	   in	   a	   wider	   strain	   distribution,	   but	   a	   lower	   peak	   accumulated	  nonlocal	  plastic	  deviatoric	  strain.	  From	  these	  analyses	  it	  can	  be	  concluded	  that	  the	  manipulation	  of	  a	  DL	  and	  strain	  softening	  rate	  combination	  could	  be	  useful	  and	  there	  is	  some	  correlation	  of	  results	  for	  the	  product	  of	  DL	  and	  εr.	   	   This	   would	   allow	   for	   more	   flexibility	   to	   increase	   element	   size	   and	   therefore	   DL	   with	   a	  corresponding	  decrease	  in	  softening	  rate.	  	  The	  slip	  surface	  width	  and	  shape	  is	  not	  affected	  by	  a	  change	  in	  the	  rate	  of	  strain	  softening.	  	  However,	  these	  results	  are	  for	  a	  kinematically	  restrained	  analysis,	  which	  promotes	  the	  formation	  of	  a	  diagonal	  slip	  surface.	  	  The	  combined	  use	  of	  DL	  and	  εr	  will	   be	   applied	   to	   a	   cutting	   analysis	   in	   Section	   5.3.3,	   to	   test	   the	  manipulation	   of	   these	   two	  parameters	  in	  an	  analysis	  where	  the	  slip	  surface	  is	  not	  kinematically	  restrained.	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Figure	  5.15	  Effect	  of	  combined	  defined	  length	  and	  rate	  of	  softening	  (strain	  at	  which	  residual	  strength	  is	  reached)	  for	  undrained	  analyses.	  Analyses	  are	  for	  three	  mesh	  





















0	   -­‐0.05	  -­‐0.04	  -­‐0.03	  -­‐0.02	  -­‐0.01	  0	  
(b)	  
DL*εr	  	  =	  1.5	  
















Vertical	  displacement	  at	  top	  boundary	  (m)	  
(c)	  
DL*εr	  	  =	  0.75	  






0	   -­‐0.05	  -­‐0.04	  -­‐0.03	  -­‐0.02	  -­‐0.01	  0	  
Vertical	  displacement	  at	  top	  boundary	  (m)	  
(d)	  
DL*εr	  	  =	  0.375	  
40x40,	  DL=0.05,	  εr=7.5%	  20x20,	  DL=0.1,	  εr=3.75%	  
	  	  	  
277	  
	  	  
Figure	  5.16	  Effect	  of	  combined	  defined	  length	  and	  rate	  of	  softening	  (strain	  at	  which	  residual	  strength	  is	  reached)	  for	  drained	  analyses.	  Analyses	  are	  for	  three	  mesh	  























0	   -­‐0.05	  -­‐0.04	  -­‐0.03	  -­‐0.02	  -­‐0.01	  0	  
(b)	  
DL*εr	  =	  1.5	  















Vertical	  displacement	  at	  top	  boundary	  (m)	  
(c)	  
DL*εr	  =	  0.75	  






0	   -­‐0.05	  -­‐0.04	  -­‐0.03	  -­‐0.02	  -­‐0.01	  0	  
Vertical	  displacement	  at	  top	  boundary	  (m)	  
(d)	  
DL*εr	  	  =	  0.375	  
20x20,	  DL=0.1,	  εr=3.75%	  40x40,	  DL=0.05,	  εr=7.5%	  
	  	  	  
278	  
	   	   	  
Figure	   5.17	   The	   effects	   of	   softening	   rate	   on	   strain	   distribution	   for	   drained	   analyses	   with	   φ’	   softening.	   	   Analyses	   are	   for	   three	   1m	   by	   1m	   meshes	   with	   element	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5.2.3.3. Peak	  Strength	  Plateau	  and	  Softening	  Rate	  The	  φ’	  analyses	  presented	   in	  Section	  4.5.2	  and	  so	   far	   in	   this	  section	  have	  specified	   immediate	  softening	   of	   the	  material	   at	   the	   onset	   of	   plastic	   straining.	   	   Stiff	   clay,	   such	   as	   London	  Clay	   has	  been	   shown	   to	   maintain	   peak	   strength	   during	   initial	   formation	   of	   plastic	   strains	   before	   the	  softening	   of	   material	   strength	   commences	   (Burland	   et	   al.,	   1996).	   	   The	   biaxial	   compression	  analyses	  presented	  in	  Section	  4.5.3	  did	  use	  a	  peak	  strength	  plateau.	   	  The	  shape	  of	  the	  reaction	  load	   for	   imposed	   vertical	   displacement	   for	   these	   analyses,	   Figure	   4.33,	   is	   distinct	   from	   those	  that	   initiated	  softening	  at	   the	  onset	  of	  plasticity,	   for	  example	   in	  Figure	  5.7.	   	  The	  use	  of	  a	  peak	  strength	  plateau	  is	  one	  of	  the	  differences	  between	  soil	  properties	  specified	  for	  Section	  4.5.3	  and	  immediate	  softening	  in	  Section	  4.5.2.	  	  The	  influence	  of	  the	  peak	  plateau	  will	  be	  studied	  here	  in	  a	  set	  of	  analyses	  that	  vary	  the	  strain	  at	  which	  softening	  of	  the	  material	  begins	  and	  ends.	  	  This	  also	  permits	  a	  study	  of	  changing	  the	  softening	  rate.	  	  The	  peak	  strength	  plateau	  is	  varied	  from	  0%	  to	  2.5%,	   5%	   and	   10%	   nonlocal	   plastic	   strain.	   	   The	   residual	   strength	   is	   reached	   at	   10%,	   12.5%,	  15%,	  17.5%,	  20%	  and	  25%	  nonlocal	  plastic	  strain.	  	  These	  result	  in	  a	  varying	  softening	  range	  (SR	  =	  εr	  –	  εp)	  from	  10%,	  12.5%,	  15%	  to	  25%	  nonlocal	  plastic	  strain.	  	  All	  the	  analyses	  are	  drained	  and	  employ	  a	  10x10	  element	  mesh	  with	  DL=0.2m	  and	  RI=0.6m,	  simulating	  one	  quarter	  of	  the	  biaxial	  compression	  problem.	  The	  reaction	  loads	  versus	  displacement	  results	  for	  this	  set	  of	  analyses	  are	  plotted	  in	  Figure	  5.19.	  	  The	   colour	   of	   the	   line	   represents	   the	   specified	   peak	   strength	   threshold	   and	   the	   line	   type	  represents	  the	  softening	  rate.	  	  The	  inset	  in	  Figure	  5.19	  plots	  the	  specified	  change	  in	  soil	  strength	  with	   strain	   for	   each	   analysis.	   	   The	   soil	   strength	   is	   defined	   only	   with	   the	   angle	   of	   shearing	  resistance,	  ϕ’,	  with	  c’	   specified	  as	  0kPa.	   	  The	   inset	  and	   the	  main	  section	  of	  Figure	  5.19	  have	  a	  strong	   correlation.	   	   The	   nonlocal	   strain	   softening	   method	   is	   therefore	   creating	   the	   expected	  relative	  soil	  behaviour	  in	  terms	  of	  the	  point	  of	  initiation	  and	  termination	  of	  softening.	  	  	  For	  the	  same	  specified	  peak	  strain	  limit,	  the	  softening	  of	  the	  material	  and	  corresponding	  drop	  in	  reaction	   load	  commences	  at	  the	  same	  point.	   	  This	   is	  shown	  for	  a	  peak	  strain	   limit,	  εp	  of	  0%	  in	  Figure	   5.20(a)	   and	   a	   peak	   strain	   limit,	   εp	   of	   5%	   in	   Figure	   5.20(c).	   	   For	   a	   larger	   εp	   there	   is	   a	  increase	  in	  the	  length	  of	  the	  initial	  plateau,	  Figure	  5.19.	   	  This	  plateau	  is	  not	  flat	  with	  two	  mini	  peaks	  at	   the	  onset	  of	  plastic	   strain,	  where	   the	  εp=0%	  results	   soften,	  and	  at	  around	  5%	  plastic	  strain.	  	  These	  peaks	  are	  created	  for	  all	  analyses	  that	  pass	  each	  of	  these	  points.	  	  They	  correspond	  to	  a	  sudden	  change	  in	  the	  position	  of	  the	  developing	  strains.	  	  This	  is	  shown	  by	  the	  incremental	  strain	  contours	  for	  two	  consecutive	  increments	  at	  the	  largest	  strain	  at	  the	  top	  of	  the	  mini	  peak	  and	   the	   first	   increment	   after	   the	   mini	   peak,	   with	   a	   lower	   reaction	   load	   in	   Figure	   5.18.	   	   The	  inclusion	  of	  a	  peak	  plateau	  does	  not	  produce	  the	  dome	  shaped	  graph	  of	  Figure	  4.33.	  	  This	  shape	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is	   therefore	   not	   due	   solely	   to	   the	   inclusion	   of	   the	   εp	   =	   5%	   and	   εr	   =	   20%	   used	   in	   analyses	   in	  Section	  4.5.3.	  The	  analyses	  with	  the	  same	  specified	  residual	  strain	  limit,	  εr	  reach	  the	  residual	  load	  at	  the	  same	  imposed	  vertical	  displacement,	  shown	  for	  εr	  of	  15%	  in	  Figure	  5.20(b),	  but	  also	  visible	  in	  Figure	  5.19	   for	  an	  εr	  of	  15%	  and	  25%.	   	  For	   the	   larger	  εr,	   there	   is	  an	   increase	   in	   the	   imposed	  vertical	  displacement	   required	   to	   reach	   the	  residual	   reaction	   load.	   	  Given	   the	  correlation	  between	   the	  initiation	  and	  termination	  of	  softening	  for	  the	  specified	  limits,	  the	  gradient	  of	  the	  softening	  arm	  of	   the	   load	   versus	   displacement	   graph	   is	   governed	   by	   the	   specified	   strain	   limits.	   	   The	   same	  difference	   in	   peak	   and	   residual	   limits	   or	   softening	   rate	   produces	   a	   similar	   gradient.	   	   This	   is	  demonstrated	   for	   a	   difference	   between	   the	   peak	   and	   residual	   strain	   limits	   of	   15%	   in	   Figure	  5.20(d).	  	  It	  can	  also	  be	  identified	  for	  the	  same	  line	  type	  in	  Figure	  5.19,	  the	  dotted	  lines	  identify	  a	  12.5%	  range	  and	  the	  dashed	  lines	  identify	  a	  10%	  range.	  	  This	  further	  confirms	  that	  the	  nonlocal	  strain	   softening	  method	   does	   not	   influence	   soil	   behaviour	   in	   terms	   of	   the	   specified	   softening	  limits,	  when	  the	  DL	  and	  mesh	  employed	  are	  constant.	  	  	  These	  analyses	  also	  permit	  an	  assessment	  of	  the	  influence	  of	  the	  peak	  and	  residual	  strain	  limits	  on	  the	  strain	  distribution	  within	  the	  slip	  surface.	  	  The	  distributions	  of	  nonlocal	  plastic	  deviatoric	  strain	  for	  a	  cross	  section	  of	  the	  mesh	  after	  0.09m	  imposed	  vertical	  displacement	  are	  presented	  in	   Figure	   5.21.	   	   Results	   for	   all	   the	   analyses	   are	   presented	   in	   Figure	   5.21(a).	   	   There	   is	   little	  difference	  in	  the	  distribution	  of	  strain	  for	  the	  variation	  in	  softening	  limits.	  	  The	  influence	  of	  the	  specified	  εr	  for	  immediate	  softening	  at	  the	  onset	  of	  plastic	  strain	  with	  εp	  =	  0%	  is	  shown	  in	  Figure	  5.21(b).	  	  The	  difference	  between	  the	  results	  is	  minimal.	  	  	  The	  change	   in	  strain	  distribution	  for	  an	   increase	   in	  εp	  and	  εr	  with	  the	  difference	  or	  strain	  rate	  remaining	   constant	   is	   shown	   in	   Figure	   5.21(c).	   	   The	   period	   of	   imposed	   vertical	   displacement	  and	   therefore	   the	   strain	   softening	   rate	   is	   the	   same,	   relating	   to	  15%	  strain	   for	  all	   the	  analyses	  presented	  in	  Figure	  5.21(c).	  	  The	  rate	  of	  softening	  is	  therefore	  constant	  and	  differences	  are	  due	  to	  the	  increase	  in	  the	  peak	  strain	  limit,	  εp.	  	  A	  change	  in	  εp	  causes	  slightly	  more	  variation	  in	  strain	  distribution	  than	  for	  a	  change	  in	  only	  εr,	  although	  the	  variation	  is	  still	  relatively	  small	  compared	  to	  the	  influence	  of	  DL	  or	  element	  size.	  	  For	  an	  increase	  in	  εp,	  the	  strains	  at	  the	  edges	  of	  the	  slip	  surface	  increase	  and	  the	  peak	  strains	  decrease.	  	  With	  an	  increase	  in	  εp	  the	  slip	  surface	  develops	  without	   material	   strength	   loss	   for	   a	   greater	   period	   of	   imposed	   displacement.	   	   It	   is	   the	   slip	  surface	   development	   during	   the	   initial	   peak	   plateau	   that	   causes	   the	   changes	   in	   strain	  distribution.	   	   When	   material	   loses	   strength,	   the	   areas	   already	   experiencing	   strain	   will	   yield	  further	   concentrating	   the	   strain.	   	   Without	   the	   concentrating	   effect	   of	   softening,	   with	   all	   the	  material	   at	   the	   same	   strength,	   the	   slip	   surface	   is	   less	   confined	   and	  more	   prone	   to	  widen.	   	   A	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larger	  εp	   increases	   the	  width	  of	   the	  strain	  distribution	  prior	   to	  material	  softening.	   	  This	  wider	  slip	  surface	  remains	  within	   the	  nonlocal	   strain	  distributions	  as	   the	  softening	  concentrates	   the	  strain	  in	  the	  centre	  of	  the	  slip	  surface.	  The	   values	   specified	   for	   the	   peak	   and	   residual	   limits	   affect	   the	   reaction	   load	   response,	   as	  expected.	   	  There	  is	  a	  very	  minor	  effect	  on	  the	  strain	  distribution	  of	  the	  slip	  surface,	  which	  was	  more	   pronounced	   for	   a	   larger	   strain	   limit	   for	   peak	   strength.	   	   Defining	   appropriate	   softening	  limits,	  especially	  for	  the	  initiation	  of	  softening,	  is	  therefore	  important	  when	  modelling	  the	  strain	  softening	   behaviour	   of	   a	   real	   material.	   	   These	   limits	   are	   difficult	   to	   define	   and	   it	   would	   be	  advisable	  to	  assess	  the	  impact	  of	  varying	  these	  limits	  between	  reasonable	  values	  on	  the	  results	  of	   a	   boundary	   value	   problem,	   such	   as	   a	   stiff	   clay	   excavated	   slope.	   	   Results	   comparing	   the	  influence	  of	  defined	  strength	  values	  and	  softening	  limits	  for	  London	  Clay	  analyses	  are	  presented	  in	  Section	  5.3.3	  and	  Appendix	  A.4.	  	  
	  
Figure	   5.18	   Incremental	   strain	   contours	   to	   explain	   peaks	   on	   the	   peak	   plateau	   shown	   in	   the	   reaction	   load	  
versus	  displacement	  graphs	  in	  Figure	  5.19,	  for	  the	  analysis	  with	  peak	  strain	  limit	  of	  10%	  and	  residual	  of	  25%	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Figure	  5.19	  The	  effects	  of	  varying	  the	  specified	  strain	  softening	  limits	  for	  peak	  and	  residual	  soil	  strength	  on	  the	  load	  vs.	  displacement	  graph	  for	  drained,	  φ’	  only	  softening	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Figure	  5.20	  The	  effects	  of	  varying	  the	  strain	  softening	  limits	  for	  peak	  and	  residual	  soil	  strength.	  	  Analyses	  employed	  a	  DL=0.2m,	  RI=0.6m	  and	  10x10	  mesh	  and	  are	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Figure	  5.21	  The	  effects	  of	  varying	  the	  strain	  softening	  limits	  for	  peak	  and	  residual	  soil	  strength	  on	  the	  strain	  distribution	  for	  a	  cross	  section	  after	  0.09m	  imposed	  vertical	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5.2.3.4. Cohesion	  strength	  The	   inclusion	   of	   cohesion,	   c’	   strength	   in	   addition	   to	   φ’	   strength	   permits	   the	   modelling	   of	  cohesive	  soil	  such	  as	  clay.	  	  The	  absence	  of	  c’	  strength	  in	  the	  analyses	  presented	  in	  Section	  4.5.3	  could	  account	  for	  the	  different	  response	  compared	  to	  the	  analyses	  that	  include	  c’,	  presented	  in	  Section	  4.5.2.	   	  The	  influence	  of	  c’	  will	  be	  assessed	  by	  a	  series	  of	  analyses	  that	  include	  and	  vary	  the	  initial	  and	  residual	  c’	  strength	  from	  0kPa	  to	  7kPa	  and	  the	  φ’	  from	  25°	  to	  10°	  over	  the	  same	  strain	  range.	  	  These	  analyses	  employ	  a	  10x10	  element	  mesh	  with	  a	  DL	  =	  0.2m	  and	  RI	  =	  0.6m	  to	  represent	  one	  quarter	  of	  the	  biaxial	  compression	  problem.	  	  The	  results	  are	  presented	  in	  Figure	  5.22	  and	  Figure	  5.23.	   	  The	  colours	  represent	  the	  peak	  c’	  strength	  and	  the	   line	  types	  represent	  the	  residual	  c’	  strength.	  	  	  An	  increase	  in	  peak	  cohesion	  strength	  increases	  the	  maximum	  reaction	  load,	  Figure	  5.22(a)	  and	  (b).	   	  An	  increase	  in	  material	  strength	  increases	  the	  load	  that	  the	  material	  can	  carry	  and	  this	  is	  therefore	  the	  expected	  soil	  response.	  	  An	  increase	  in	  residual	  c’	  strength	  increases	  the	  reaction	  load	   once	   residual	   strength	   has	   been	   reached,	   Figure	   5.22(c)	   and	   (d).	   	   The	   strain	   softening	  response	  of	  the	  material	  is	  affected	  by	  the	  change	  in	  the	  peak	  and	  residual	  reaction	  load	  and	  the	  gradient	  of	  the	   load	  versus	  displacement	  graph	  varies	  according	  to	  the	  new	  peak	  and	  residual	  reaction	  loads.	  	  The	  strain	  limits	  between	  which	  softening	  occurs	  are	  not	  changed,	  but	  the	  loss	  in	  strength	  per	  increase	  in	  a	  unit	  of	  strain	  is	  changed.	  The	  shape	  of	  the	  load	  versus	  displacement	  graph	   is	   similar	   to	   the	  φ’	   softening	  only	   results	   in	  Section	  4.5.2.	   	  The	  different	  more	   rounded	  dome	  shape	  of	  the	  analyses	  in	  Section	  4.5.3	  is	  therefore	  not	  due	  to	  the	  inclusion	  of	  c’.	  	  The	   influence	   on	   the	   slip	   surface	   formation	   is	   presented	   in	   Figure	   5.23	   for	   a	   variation	   of	  cohesional	  (a)	  peak	  strength	  and	  (b)	  residual	  strength.	  	  The	  inclusion	  of	  c’	  does	  not	  cause	  large	  differences	   in	   the	   strain	   distribution	   in	   terms	   of	   the	   width	   or	   location	   of	   the	   slip	   surface.	  	  Varying	  the	  residual	  c’	  strength	  has	  little	  effect,	  Figure	  5.23(b)	  for	  the	  same	  initial	  c’	  of	  7kPa	  and	  a	  variation	  of	  the	  residual	  c’.	  	  This	  figure	  also	  demonstrates	  that	  the	  small	  change	  in	  the	  rate	  of	  reduction	  in	  residual	  load	  has	  little	  effect	  on	  the	  distribution	  of	  strain.	  	  There	  is	  a	  small	  variation	  in	   the	   distribution	   shape	   and	   maximum	   strain	   when	   the	   peak	   c’	   strength	   is	   varied,	   Figure	  5.23(a)	  for	  analyses	  with	  a	  residual	  c’	  of	  0kPa.	  	  However,	  there	  is	  no	  correlation	  between	  peak	  c’	  strength	  and	  maximum	  strain	  on	  the	  slip	  surface.	   	  The	  results	  coincide	  for	  the	  analyses	  with	  a	  specified	  peak	  c’	  strength	  value	  of	  7kPa	  and	  the	  analysis	  with	  no	  c’	  strength.	  	  The	  intermediate	  peak	   c’	   values	   produce	   results	  with	   a	   different	   slip	   surface	   shape,	  with	   the	   greatest	   variation	  occurring	  on	   the	  other	  side	  of	   the	  slip	  surface	   from	  the	   imposed	  vertical	  displacement,	  where	  the	   material	   is	   less	   constrained.	   	   The	   cohesional	   strength	   does	   affect	   the	   shape	   of	   the	   slip	  surface,	  but	  not	  dramatically	  and	  not	  in	  a	  manner	  relative	  to	  the	  strength	  increases.	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Figure	  5.22	  Investigating	  the	  influence	  of	  c’	  softening	  in	  analyses	  with	  a	  focus	  on	  the	  effects	  of	  varying	  peak	  and	  residual	  c’	  strength.	  For	  drained	  analyses	  with	  φ’	  
softening	  unchanged	  for	  all	  analyses	  and	  employing	  a	  10x10	  mesh	  with	  DL=0.2m	  and	  RI=0.6m.	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Figure	  5.23	  Investigating	  the	  influence	  of	  peak	  and	  residual	  c’	  strength	  on	  strain	  distribution	  over	  a	  cross	  section	  of	  biaxial	  compression	  analyses.	  	  For	  drained	  analyses	  






























Accumulate	  Nonlocal	  Plastic	  Deviatoric	  Strain	  
(a)	  






























Accumulated	  Nonlocal	  Plastic	  Deviatoric	  Strain	  
(b)	  
c'	  peak	  7%	  residual	  0%	  c'	  peak	  7%	  residual	  2%	  c'	  peak	  7%	  residual	  5%	  c'	  peak	  7%	  residual	  7%	  
	  	  	   288	  
5.2.3.5. Stiffness	  In	   Section	   4.5.2	   and	   4.5.3,	   different	   pre-­‐peak	   stiffness	   values	   were	   specified.	   	   The	   resulting	  graphs	   for	   load	   versus	   displacement	   (Figure	   4.27	   and	   Figure	   4.33)	  were	   different,	   indicating	  that	   the	   variation	   in	   stiffness	   could	   contribute	   to	   these	   differences.	   	   An	   understanding	   of	   the	  effects	  of	  stiffness	  in	  the	  relatively	  simple	  biaxial	  compression	  format	  will	  aid	  the	  interpretation	  of	   the	   response	   of	   cutting	   analyses	   to	   adopting	   varying	   stiffness	   with	   stress	   or	   strain,	   see	  Appendix	  A.5.	   	   In	   Section	   4.5.2,	   a	   constant	   Young’s	  modulus,	   E	   of	   50,000kPa	  was	   specified	   to	  define	   elastic	   behaviour	   of	   the	   soil.	   	   In	   Section	   4.5.3,	   stiffness	   was	   related	   to	   p’,	   using	   the	  relationship	  E	  =	  25	  (p’	  +100),	  with	  a	  minimum	  value	  of	  E	  =	  4,000kPa.	  	  This	  is	  the	  elastic	  stiffness	  relationship	   applied	   in	   London	   Clay	   cutting	   analyses	   presented	   in	   Section	   5.3.	   	   In	   the	   biaxial	  compression	  analyses	  in	  Section	  4.5.3,	  an	  initial	  p’	  of	  83kPa	  was	  specified	  with	  a	  σx	  =	  σz	  =100kPa	  and	   σy	   =	   50kPa	   [p’	   =	   1/3	   (100+100+50)],	   which	   produced	   a	   variation	   of	   E	   between	  approximately	  5000	  and	  6000kPa	  during	  the	  analyses.	  A	   series	   of	   biaxial	   compression	   analyses	  were	   performed	   here	   in	  with	   a	   range	   of	   constant	   E	  values.	  	  A	  DL	  of	  0.2m	  and	  RI	  of	  0.6m	  were	  specified.	  	  The	  strength	  values	  specified	  a	  peak	  φ’	  of	  25°	  and	  a	  residual	  φ’	  of	  10°	  with	  softening	  occurring	  between	  5%	  and	  20%	  nonlocal	  deviatoric	  plastic	  strain.	  	  No	  cohesion	  strength	  was	  specified.	  	  The	  reaction	  load	  versus	  displacement	  graph	  was	  affected	  in	  three	  ways,	  Figure	  5.24(a).	  	  For	  an	  increase	  in	  Young’s	  Modulus,	  E,	  the	  gradient	  of	  the	  pre-­‐peak	  slope	  becomes	  steeper.	   	  The	  shape	  of	  the	  graph	  was	  altered	  for	  the	  part	  of	  the	  graph	  representing	  the	  peak	  plateau,	   from	  0%	  to	  5%	  plastic	  strain	  prior	   to	   initiation	  of	  strain	  softening.	  	  The	  imposed	  vertical	  displacement	  required	  to	  reach	  the	  limits	  for	  peak	  strength	  and	  the	  residual	  plateau	  was	   increased	   for	  a	   lower	  stiffness.	   	  When	  a	  material	   is	  stiffer,	   it	  has	   less	  capacity	   for	   elastic	   deformation.	   	   This	   explains	   the	   shallower	   initial	   gradient	   and	   greater	  displacement	  to	  reach	  plastic	  strain	  for	  a	  material	  with	  lower	  stiffness.	  	  The	  domed	  shape	  of	  the	  E	  =	  5	  000kPa	  analysis	  in	  Figure	  5.24(a)	  is	  similar	  to	  the	  shape	  in	  Figure	  4.33.	  	  The	  domed	  shape	  in	  Section	  4.5.3	  can	  therefore	  be	  explained	  as	  a	  combination	  of	  the	  use	  of	  a	  peak	  plateau	  and	  a	  lower	  Young’s	  modulus.	  The	   accumulated	   nonlocal	   strain	   distributions	   after	   0.12m	   imposed	   vertical	   displacement	   are	  presented	  in	  Figure	  5.24(b).	  	  All	  the	  analyses	  have	  reached	  residual	  strength	  on	  the	  slip	  surface	  and	  the	  difference	  in	  the	  shape	  of	  the	  slip	  surface	  is	  due	  to	  the	  elastic	  stiffness.	  	  The	  slip	  surface	  develops	   in	   the	   same	  position	   for	   each	   analysis,	   but	   the	  peak	   strain	   varies.	   	   A	   lower	   stiffness	  creates	  a	   lower	  peak	  strain	  and	  greater	  variation	   in	   slip	   surface	  shape.	   	  The	   larger	  amount	  of	  elastic	  deformation	  afforded	  by	  a	   lower	  E	  changes	   the	  slip	  surface	  development.	   	  This	   implies	  that	   the	   choice	   of	   an	   appropriate	   elastic	   stiffness	   is	   important	   to	   simulate	   appropriate	   elastic	  behaviour	  of	  the	  material	  and	  create	  a	  realistic	  development	  of	  slip	  surfaces.	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Figure	  5.24	  The	  effects	  of	  a	  variation	  of	  elastic	  stiffness	  modulus,	  E	  for	  biaxial	  compression	  analyses	  with	  nonlocal	  strain	  softening	  model,	  DL=0.2m,	  RI=0.6m.	  For	  a	  φ’	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 Selection	  of	  Parameters	  for	  Excavated	  Slope	  Analyses	  5.3.An	  initial	  assessment	  of	  the	  behaviour	  of	  the	  nonlocal	  parameters	  has	  been	  presented	  in	  Section	  5.2.	   	   However,	   the	   slip	   surface	   developed	   in	   these	   biaxial	   compression	   analyses	   are	  kinematically	  constrained.	  	  The	  conclusions	  from	  these	  analyses	  should	  therefore	  be	  confirmed	  by	  a	  series	  of	  analyses	  in	  which	  the	  slip	  surface	  is	  not	  kinematically	  constrained.	  	  An	  excavated	  slope	   finite	   element	   analysis	   does	   not	   predetermine	   the	   location	   of	   the	   slip	   surface	   and	  therefore	   provides	   no	   kinematic	   restraint	   on	   slip	   surface	   development.	   	   The	   excavated	   slope	  analyses	  with	   coupled	   consolidation	   presented	   in	   this	   section	  will	   assess	   the	   influence	   of	   the	  nonlocal	   parameters	   and	   compare	   the	   conclusions	   to	   the	   biaxial	   compression	   results.	   	   These	  analyses	   also	   seek	   to	   identify	   appropriate	   values	   of	   the	  nonlocal	   parameters	   to	   represent	   the	  expected	  behaviour	  of	  stiff	  clay	  cut	  slopes	  for	  the	  given	  dimensions	  of	  a	  10m	  high	  cutting	  with	  a	  1	  in	  3	  (vertical	  to	  horizontal)	  slope	  gradient.	  	  The	  two	  nonlocal	  parameters	  investigated	  in	  this	  section	  are	  the	  defined	  length,	  DL	  and	  the	  radius	  of	   influence	  RI.	   	  These	  values	  will	  be	  used	  in	  the	  coupled	  excavated	  slope	  analyses	  presented	  in	  Chapter	  6	  and	  7	  and	  Appendices	  A	  and	  B.	  	  
5.3.1. Comparison	  of	  Nonlocal	  Slope	  Analyses	  to	  the	  Local	  Strain	  Softening	  Approach	  To	  demonstrate	  the	  improvements	  in	  reduced	  mesh	  dependence	  when	  employing	  the	  nonlocal	  strain	  softening	  method,	  an	  initial	  comparison	  is	  made	  of	  the	  local	  and	  nonlocal	  strain	  softening	  analyses	   in	   a	   cutting	   slope,	   coupled	   consolidation	   boundary	   value	   problem.	   	   Both	   sets	   of	  analyses	  employ	  the	  London	  Clay	  soil	  properties	  presented	  in	  Table	  3.1,	  with	  the	  permeability	  profile	   k(b)	   from	   Figure	   3.29.	   	   The	   local	   displacement	  method	   specifies	   peak	   strength	   values	  until	   a	   displacement	  of	   0.11m	  and	   residual	   strength	   from	  0.45m	  onwards.	   	   The	  nonlocal	  G&S	  method	  employs	  a	  defined	  length,	  DL	  of	  2.1m	  with	  a	  radius	  of	  influence,	  RI	  of	  6.3m.	  	  This	  is	  the	  smallest	  value	  of	  DL	  that	  could	  be	  used	  given	  the	  size	  of	  the	  elements	  in	  the	  meshes	  employed.	  	  The	   defined	   strain	   softening	   parameters	   are	   not	   expected	   to	   produce	   an	   identical	   rate	   of	  development	   of	   the	   slip	   surface	   for	   the	   two	   strain	   softening	  models.	   	   As	   discussed	   in	   Section	  3.4.4,	   it	   was	   difficult	   to	   find	   equivalent	   limits	   for	   the	   displacement	   strain	   softening	  model	   to	  match	   the	   5%	   and	   20%	   limits	   employed	   for	   the	   percentage	   strain	  model.	   	   The	   5%	   and	   20%	  softening	   limits	   are	   also	   used	   for	   the	   nonlocal	   G&S	  model	   in	   this	   section	   and	   an	   appropriate	  value	  for	  DL	  in	  terms	  of	  its	  influence	  on	  softening	  is	  investigated	  in	  Section	  5.3.4.	  	  In	  this	  section,	  the	  displacement	  and	  nonlocal	  analyses	  are	  compared	  to	  demonstrate	  the	  relative	  influence	  of	  the	  mesh	  layout	  and	  element	  discretisation	  when	  employing	  each	  strain	  softening	  method	  and	  not	  the	  change	  in	  time	  to	  failure	  due	  to	  employment	  of	  a	  specific	  strain	  softening	  method.	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A	   set	   of	   eleven	   meshes	   with	   varying	   element	   sizes	   and	   layouts	   were	   employed	   for	   cutting	  analyses	  to	  evaluate	  the	  mesh	  dependence	  of	  the	  methods.	  	  The	  eleven	  meshes	  are	  presented	  in	  Figure	  5.25	  and	  are	  arranged	  by	  the	  mesh	  layout	  and	  element	  size.	  	  Three	  of	  the	  layouts	  can	  be	  employed	  to	  simulate	  vertical	  stabilisation	  piles,	  Figure	  5.25(a)	  to	  (h).	  	  They	  are	  all	  designed	  to	  simulate	  an	  excavated	  slope	  10m	  high	  with	  a	  1	  in	  3	  gradient	  (vertical	  to	  horizontal).	   	  The	  area	  excavated	  to	  create	  the	  cut	  slope	  is	  shaded	  grey.	  	  The	  layouts	  are	  coloured	  to	  correspond	  to	  the	  lines	  presented	  in	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  graph	  displaying	  the	  local	   and	   nonlocal	   results	   in	   Figure	   5.26	   and	   Figure	   5.27	   respectively.	   	   In	   these	   figures	   the	  meshes	  are	  labelled	  for	  the	  layout	  of	  the	  mesh	  and	  the	  width	  of	  the	  slope	  elements	  within	  that	  mesh.	  	  The	  local	  results	  are	  shown	  to	  be	  extremely	  mesh	  dependent	  both	  in	  terms	  of	  the	  time	  to	  failure	  and	  the	  movement	  of	  the	  slope	  between	  excavation	  and	  failure,	  Figure	  5.26.	  	  The	  range	  of	  time	  to	   failure	   varies	   from	  14	   years	   for	   the	   inclined	   elements	  mesh	  with	  1m	  wide	   slope	   elements,	  Figure	   5.25(j),	   to	   a	   slope	   that	   did	   not	   show	   signs	   of	   failure	   250	   years	   after	   excavation	  when	  employing	   the	   base	   pile	   mesh	   layout	   and	   0.525m	   wide	   slope	   elements,	   Figure	   5.25(f).	   	   In	  contrast,	   the	   same	   base	   pile	   mesh	   layout	   with	   1.05m	   wide	   slope	   elements,	   Figure	   5.25(e)	  reached	   failure	   in	   less	   than	  30	  years.	   	  Two	  of	   the	  analyses	  employing	   the	  midslope	  pile	  mesh	  layout	  produce	  similar	  results,	  with	  1.05m	  wide	  elements,	  Figure	  5.25(b)	  and	  0.525m	  elements,	  Figure	   5.25(c).	   	   Slope	   failure	   for	   these	   meshes	   occurred	   after	   140	   years	   and	   160	   years	  respectively.	  	  However,	  the	  2.1m	  wide	  elements	  for	  this	  same	  layout,	  took	  only	  40	  years	  to	  reach	  failure.	   	   A	   variation	   of	   more	   than	   250	   years	   in	   the	   time	   to	   failure	   for	   these	   eleven	   meshes	  demonstrates	  that	  the	  mesh	  dependence	  of	  the	  local	  displacement	  method	  can	  produce	  an	  even	  wider	  variation	  in	  results,	  than	  for	  the	  4	  mesh	  layouts	  with	  the	  largest	  elements	  shown	  in	  Figure	  3.31(b).	  	  In	   contrast,	   the	  nonlocal	   analyses	  demonstrate	  a	  good	  agreement	  of	   results,	   Figure	  5.27.	   	  The	  range	  of	  time	  to	  failure	  is	  only	  40	  years,	  between	  61	  and	  97	  years	  after	  excavation,	  as	  opposed	  to	  a	  range	  of	  more	  than	  250	  years	  for	  the	  local	  analyses.	  	  Excluding	  the	  inclined	  element	  meshes	  and	  the	  multiple	  location	  pile	  mesh	  with	  0.5m	  elements,	  the	  range	  of	  time	  to	  failure	  reduces	  to	  only	   10	   years.	   	   The	   horizontal	   displacement	   of	   the	   midslope	   with	   time	   is	   more	   gradual	   and	  continuous	  without	  the	  sudden	  changes	  in	  the	  speed	  of	  slope	  movement	  exhibited	  by	  some	  local	  analyses	  in	  Figure	  5.26.	  	  For	  example,	  by	  the	  local	  analyses	  employing	  the	  midslope	  pile	  layout	  with	   2.1m	   width	   slope	   elements,	   Figure	   5.25(a),	   and	   the	   inclined	   elements	   mesh	   with	   0.5m	  height	  elements,	  Figure	  5.25(k).	  	  In	  the	  first	  5	  years	  the	  nonlocal	  results	  are	  very	  similar,	  but	  the	  local	   displacement	   analyses	   have	   already	   diverged.	   	   Although	   there	   is	   some	   variation	   in	   the	  horizontal	  displacement	  of	  midslope	  over	  time,	  the	  shape	  produced	  on	  the	  graph	  in	  Figure	  5.27	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is	  similar	  for	  all	  of	  the	  nonlocal	  strain	  softening	  analyses.	   	  The	  analyses	  also	  result	  in	  a	  similar	  horizontal	  displacement	  value	  at	  failure,	  indicating	  that	  the	  failure	  mechanism	  and	  the	  location	  of	  the	  slip	  surface	  should	  be	  similar.	  The	  position	  of	  slip	  surfaces	  in	  the	  slope,	  which	  also	  indicates	  the	  failure	  mechanism,	  is	  depicted	  by	   a	   high	   concentration	   in	   the	   strain	   distribution	   of	   the	   accumulated	   local	   plastic	   deviatoric	  strain	  in	  Figure	  5.28.	  	  The	  local	  strain	  distribution	  35	  years	  after	  excavation	  for	  a	  vertical	  cross	  section	   at	   the	  midslope	   is	   plotted	   for	   each	   slope	   for	   the	   nonlocal	   analyses	   and	   split	   by	  mesh	  layout.	   	   The	   strain	   distributions	   for	   the	   nonlocal	   analyses	   show	   the	   formation	   of	   two	   slip	  surfaces	  at	  approximately	  19m	  and	  17m	  above	   the	  base	  of	   the	  mesh	  or	  6m	  and	  8m	  vertically	  below	  the	  midslope	  of	  the	  cutting	  for	  all	  analyses.	  	  The	  shallowest	  slip	  surface	  had	  the	  greatest	  strain	   concentration	   for	   most	   analyses,	   indicating	   this	   was	   the	   surface	   along	   which	   failure	  would	  occur.	  	  	  The	   distribution	   of	   the	   nonlocal	   plastic	   deviatoric	   strain	   identifies	   the	   extent	   of	   material	  softening,	  which	  initiates	  at	  5%	  nonlocal	  plastic	  deviatoric	  strain	  and	  residual	  strain	  is	  reached	  at	  20%.	  	  The	  accumulated	  nonlocal	  plastic	  deviatoric	  strain	  is	  shown	  for	  the	  nonlocal	  analyses	  in	  Figure	  5.29	  for	  the	  last	  converged	  increment	  of	  the	  analysis.	   	  The	  nonlocal	  strain	  distributions	  for	   the	  midslope,	   base	   and	  multiple	   location	   pile	  mesh	   layouts	   are	   very	   similar,	   in	   the	   same	  manner	  as	   they	  were	   for	   the	   local	   strain	  distribution,	  Figure	  5.28.	   	  From	  3m	  to	  9m	  below	  the	  surface	  of	  the	  slope	  at	  midslope,	  the	  soil	  has	  greater	  than	  5%	  nonlocal	  plastic	  strain.	  	  As	  the	  local	  strain	   distribution	   is	   the	   input	   to	   calculate	   the	   nonlocal	   strain,	   this	   similarity	   is	   perhaps	  unsurprising.	   	   The	   areas	   with	   higher	   nonlocal	   strain	   identify	   the	   areas	   of	   the	   material	  undergoing	  softening	  and	  therefore	  the	  location	  of	  the	  critical	  slip	  surface.	  	  The	  nonlocal	  strain	  distribution	  is	  therefore	  suitable	  to	  describe	  and	  compare	  slope	  failure	  in	  conjunction	  with	  the	  local	  strain	  distribution	  or	  independently.	  	  The	   analyses	   employing	   inclined	   elements	   meshes	   and	   the	   multiple	   location	   pile	   with	   0.5m	  elements	  gave	  times	  to	  failure	  that	  were	  distinct	  to	  the	  other	  analyses.	  	  The	  differences	  extend	  to	   the	   strain	   distribution	   for	   both	   the	   local	   and	   nonlocal	   plastic	   strains.	   	   There	   are	   two	   slip	  surfaces	   for	   the	   three	   inclined	  elements	  mesh	  analyses,	   and	   the	   top	  surfaces	  are	  closer	   to	   the	  slope	   surface	   than	   results	   for	   the	   other	  mesh	   layouts,	   Figure	   5.28(d).	   	   The	   peak	   local	   plastic	  strains	  are	  similar	   for	  both	  slip	   surfaces,	   indicating	   that	   they	  were	  developing	  simultaneously	  for	  longer	  than	  the	  other	  analyses.	  	  This	  set	  of	  analyses	  shows	  a	  slightly	  increased	  rate	  of	  slope	  movement	  and	  a	  shorter	  time	  to	  failure	  than	  the	  other	  meshes.	  	  The	  simultaneous	  development	  of	  both	  slip	  surfaces	  and	  their	  shallower	  position	  could	  offer	  explanations	  for	  these	  differences.	  	  The	   nonlocal	   strain	   distributions	   are	   also	   similar	   for	   the	   inclined	   elements	   mesh	   layout,	   but	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distinct	   to	   the	   distributions	   for	   the	   other	  mesh	   layouts.	   	   The	  nonlocal	   strain	   is	   higher	   for	   the	  area	  around	  the	  shallower	  slip	  surface.	  	  The	  inclined	  element	  meshes	  produce	  the	  same	  cutting	  dimensions	  as	   the	  other	  mesh	   layouts	  after	  excavation.	   	  The	  slope	  was	  excavated	  at	   the	  same	  rate	  and	  the	  soil	  properties	  and	  analysis	  parameters	  were	  unchanged.	  	  The	  difference	  in	  results	  must	  therefore	  be	  due	  to	  the	  difference	  in	  the	  layout.	  	  The	  main	  differences	  in	  the	  layout	  for	  the	  inclined	  element	  meshes,	  Figure	  5.25(i),	  (j)	  and	  (k),	  are	  the	  horizontal	  layers	  and	  the	  stretched	  parallelograms	  that	  make	  up	  the	  slope.	  The	  time	  to	  failure	  for	  the	  two	  analyses	  employing	  the	  multiple	  location	  pile	  mesh	  layout	  were	  73	  years	  and	  98	  years,	  for	  the	  1m	  and	  0.5m	  element	  sizes	  respectively.	  	  This	  is	  a	  large	  variation	  compared	   to	   the	  nonlocal	   analyses	  employing	  other	  mesh	   layouts	  with	  varying	  element	   sizes.	  	  The	  0.5m	  size	  element	  mesh	  for	  the	  multiple	  location	  pile	  also	  took	  more	  than	  15	  years	  longer	  to	  reach	  failure	  than	  any	  other	  analysis.	  	  The	  local	  plastic	  strain	  distribution	  for	  the	  two	  analyses	  employing	  the	  multiple	  pile	  mesh	  layout	  are	  shown	  in	  Figure	  5.28(c).	  	  These	  show	  a	  noticeable	  difference	  with	   the	   smaller	  element	  mesh	  creating	   two	  deeper	   slip	   surfaces.	   	  The	  variation	  of	  slip	   surface	   position	   and	   strain	   distribution	   is	  more	   obvious	   from	   the	   local	   plastic	   deviatoric	  strain	  contour	  plot	  in	  Figure	  5.30.	  	  For	  the	  smaller	  element	  mesh,	  two	  slip	  surfaces	  have	  formed	  and	  material	   has	   fully	   softened	  on	  both	   of	   them.	   	   The	  nonlocal	   strain	   distribution	   shows	   two	  separate	   zones	   at	   midslope,	   Figure	   5.29(c)	   indicating	   separation	   of	   the	   slip	   surfaces	   at	   this	  point.	   	   Simultaneous	   development	   of	   two	   slip	   surfaces	   at	   a	   greater	   depth	   could	   explain	   the	  greater	  time	  to	  failure.	  The	  different	  sizes	  of	  the	  elements	  are	  clearly	  affecting	  the	  development	  of	  strain	  and	  therefore	  the	  position	  and	  development	  of	  slip	  surfaces.	  	  This	  could	  be	  due	  to	  the	  higher	   resolution	   of	   the	   smaller	   element	   mesh,	   but	   it	   is	   the	   only	   mesh	   layout	   to	   have	   this	  variation.	   	   The	   influence	   of	   element	   size	   and	   distribution	   is	   explored	   in	   more	   depth	   for	   the	  multiple	  location	  pile	  mesh	  in	  Section	  6.3.	  Mesh	  dependence	  still	  occurs	  when	  employing	  the	  nonlocal	  strain	  softening	  method	  to	  regulate	  softening.	   	  There	  is	  a	  marked	  improvement	  in	  the	  consistency	  of	  results	  compared	  to	  analyses	  employing	  the	  local	  displacement	  strain	  softening	  method.	  	  The	  slip	  surface	  position	  is	  affected	  by	  the	  mesh	  layout	  and	  the	  element	  sizes	  of	  the	  mesh.	  	  Additional	  investigations	  into	  the	  effects	  of	  mesh	  discretisation	  using	   the	  multiple	  pile	   layout	  mesh	  when	   employing	   the	  nonlocal	  G&S	  strain	  softening	  model	  are	  presented	  in	  Section	  6.3,	  with	  analyses	  employing	  an	  appropriate	  DL	  and	  RI	  as	  selected	  by	  the	  analyses	  presented	  in	  subsequent	  sections	  of	  this	  chapter.	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Figure	  5.25	  Index	  of	  meshes	  for	  excavated	  slope	  analyses,	  arranged	  by	  mesh	  layout	  and	  element	  width.	  	  Measurements	  are	  specified	  for	  elements	  beneath	  excavated	  
slope	  area.	  	  The	  area	  to	  be	  excavated	  is	  shaded	  grey.	  	  Slopes	  are	  10m	  high	  with	  a	  1	  in	  3	  (vertical	  to	  horizontal)	  gradient.	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  1.05m	   Base	  pile	  mesh,	  1.05m	  Midslope	  pile	  mesh,	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   Base	  pile	  mesh,	  0.525m	  Multiple	  Location	  pile	  mesh,	  1.2m	   Multiple	  location	  pile	  mesh,	  0.6m	  Inclined	  elements	  mesh,	  2m	   Inclined	  elements	  mesh,	  1m	  Inclined	  elements	  mesh,	  0.5m	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Figure	  5.27	  Change	  in	  horizontal	  displacement	  with	  time	  for	  cutting	  analyses	  employing	  the	  nonlocal	  strain	  softening	  method	  with	  DL=2.1	  and	  various	  meshes.	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  pile	  location	  mesh,	  1.2m	   Multiple	  pile	  location,	  0.6m	  Inclined	  elements	  mesh,	  2m	   Inclined	  elements	  mesh,	  1m	  Inclined	  elements	  mesh,	  0.5m	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Figure	  5.28	  Variation	  in	  local	  plastic	  strain	  distribution	  for	  a	  vertical	  cross	  section	  at	  midslope,	  35	  years	  after	  excavation,	  for	  cutting	  analyses	  employing	  the	  nonlocal	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Figure	  5.29	  Variation	  in	  nonlocal	  strain	  distribution	  for	  a	  vertical	  cross	  section	  at	  midslope	  for	  the	  last	  converged	  increment	  for	  cutting	  analyses	  employing	  the	  nonlocal	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Figure	   5.30	   The	   influence	   of	   element	   sizes	   within	   a	   mesh	   on	   the	   local	   plastic	   deviatoric	   strain	   contours	  
developed	  prior	  to	  slope	  failure.	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5.3.2. Effect	  of	  the	  Defined	  Length	  Parameter	  on	  Slope	  Analyses	  The	   biaxial	   compression	   results	   investigating	   the	   defined	   length	   parameter,	   DL,	   presented	   in	  Section	   5.2.2,	   show	   that	   a	   larger	   DL	   reduced	   the	   softening	   rate	   of	   the	   soil.	   	   A	   lower	   rate	   of	  softening	  would	  slow	  the	  development	  of	  a	  slip	  surface	  in	  a	  slope	  and	  therefore	  the	  increase	  in	  the	   horizontal	   displacement	   at	   the	   midslope	   would	   be	   reduced	   with	   time.	   	   For	   the	   analyses	  presented	  in	  the	  Section	  5.3.1	  and	  Figure	  5.27	  a	  defined	  length	  value	  of	  2.1m	  was	  used.	  	  	  For	  the	  analyses	  presented	   in	   this	   section,	   a	   range	  of	  DL	  values	  were	   specified	   for	   two	  mesh	   layouts;	  central	  pile	  mesh	  and	  base	  pile	  mesh	  with	  the	  three	  element	  widths;	  2.1m,	  1.05m	  and	  0.525m	  corresponding	   to	   the	   layouts	   in	   Figure	   5.25(a)	   to	   (f).	   	   The	   DL	   parameter	   was	   varied	   from	  0.525m	   to	  4.2m	   to	  assess	   the	   impact	  of	   this	  parameter	  on	   the	  displacement	  of	   the	   slope	  with	  time,	  time	  to	  failure	  and	  the	  slip	  surface	  development.	  
	  
Figure	  5.31	  Time	  to	  slope	  failure	  for	  a	  change	  in	  the	  value	  of	  DL,	  analyses	  employing	  the	  G&S	  nonlocal	  strain	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strain	  softening	  model	  will	  have	  a	  large	  influence	  on	  the	  time	  to	  failure	  of	  a	  finite	  element	  slope	  analysis.	  There	   is	  a	  variation	   in	   the	  clusters	  of	   results	   for	  each	  DL	  presented	   in	  Figure	  5.31	  and	  Figure	  5.32.	  	  For	  DL=4.2m	  and	  2.1m,	  there	  is	  only	  a	  small	  variation	  between	  results	  for	  the	  increase	  in	  horizontal	   displacement	  with	   time.	   	   Specifically	   for	  DL=2.1,	   the	   time	   to	   failure	   and	  horizontal	  displacement	  at	  failure	  are	  very	  similar.	  	  For	  DL=1.05m	  and	  0.525m,	  there	  is	  a	  greater	  variation	  in	  time	  to	  failure,	  accumulated	  horizontal	  displacement	  over	  time	  and	  at	  failure.	  	  If	  the	  analyses	  are	   considered	   in	   terms	   of	   the	   ratio	   between	   the	   size	   of	   the	   slope	   elements	   and	   the	   DL	  employed,	  the	  varying	  degree	  of	  mesh	  dependence	  can	  be	  explained.	  	  	  The	   results	   shown	   in	  Figure	  5.32	   are	  divided	   into	   two	  groups	   in	  Figure	  5.33,	   to	   illustrate	   the	  effect	  of	  the	  element	  size	  to	  DL	  ratio.	  	  There	  are	  two	  ratios,	  2:1	  when	  DL	  is	  twice	  the	  width	  of	  the	  elements	  in	  the	  slope	  area	  of	  the	  mesh,	  Figure	  5.33(a)	  and	  1:1	  for	  the	  DL	  equal	  to	  the	  width	  of	  the	   slope	  elements,	  Figure	  5.33(b).	   	   In	  Section	  5.2.2,	   it	  was	  noted	   that	  a	   ratio	  of	  2:1	   for	  DL	   to	  element	  size	  gave	  the	  most	  consistent	  results.	  	  It	  is	  clear	  that	  a	  ratio	  of	  2:1,	  Figure	  5.33(a)	  gives	  more	   consistent	   results	   than	   when	   the	   employed	   DL	   is	   equal	   to	   the	   element	   width,	   Figure	  5.33(b).	   	   For	   the	  DL=1.05	   and	  DL=0.525m	  with	   a	   1:1	   ratio,	   the	   time	   to	   failure	   and	  horizontal	  displacement	  at	  failure	  vary	  considerably,	  implying	  mesh	  dependence.	  	  However,	  for	  the	  DL=2.1	  result	   in	   Figure	   5.33(b),	   there	   is	   still	   a	   good	   agreement	   between	   the	   results.	   	   This	   could	   be	  explained	  by	  considering	  the	  height	  of	  the	  slope	  elements	  in	  the	  meshes	  employed	  for	  DL=2.1,	  Figure	   5.25(a)	   and	   (d).	   	   The	   height	   of	   the	   elements	   is	   1.0m,	  which	   is	   less	   than	  half	   the	  DL	   of	  2.1m.	  	  These	  analyses	  could	  therefore	  be	  counted	  as	  part	  of	  the	  2:1	  ratio	  for	  DL	  to	  element	  size	  if	  the	  smallest	  dimension	  of	  the	  elements	  is	  considered.	  The	  improvement	  in	  the	  results	  for	  a	  ratio	  of	  2:1	  for	  DL	  to	  element	  size	  compared	  to	  a	  1:1	  ratio	  is	   also	   visible	   in	   the	   distribution	   of	   strain	   at	   midslope.	   	   The	   accumulated	   nonlocal	   plastic	  deviatoric	  strain	  is	  plotted	  for	  a	  vertical	  cross	  section	  at	  a	  horizontal	  distance	  of	  14.8m	  from	  the	  base	  of	   the	  slope,	   for	   the	   last	  converged	   increment	  when	   the	  analysis	   is	  close	   to	  slope	   failure.	  	  Figure	  5.34	  plots	  results	  for	  a	  DL	  to	  mesh	  size	  ratio	  of	  1:2	  and	  Figure	  5.35	  for	  a	  1:1	  ratio.	  	  This	  also	  permits	  a	  comparison	  of	  the	  locations	  of	  the	  softening	  material,	  and	  therefore	  the	  positions	  of	  the	  slip	  surfaces	  for	  varying	  DL	  and	  meshes.	  DL	  influences	  the	  position	  of	  the	  slip	  surfaces	  (the	  areas	  with	  a	  high	  concentration	  of	  nonlocal	  and	  local	  plastic	  strain)	  and	  it	  is	  therefore	  helpful	  to	  divide	  each	  set	  of	  results	  into	  groups	  by	  the	  DL	  employed.	   	  The	  patterns	  of	  strain	  distribution	  show	  good	  agreement	   for	  each	  DL	   in	  Figure	  5.34(b),	  (c)	  and	  (d),	  which	  presents	  analyses	  with	  a	  DL	  to	  element	  size	  ratio	  of	  2:1.	  	  For	  a	  1:1	  DL	  to	   element	   size	   ratio,	   only	   Figure	   5.35(b)	   with	   a	   DL=2.1m	   presents	   comparable	   patterns	   of	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results	   in	   terms	   of	   the	   position	   and	   size	   of	   strain	   concentration	   for	   the	   two	  meshes.	   	   It	   also	  resembles	  the	  DL=2.1m	  result	  for	  a	  1:2	  element	  size	  to	  DL	  ratio	  in	  Figure	  5.34(c).	  	  This	  reflects	  the	  similarity	  of	  results	  in	  Figure	  5.32	  and	  Figure	  5.33(b)	  for	  DL	  =	  2.1m.	  	  	  For	   the	   remaining	   two	  sets	  of	   results,	  Figure	  5.35(c)	  and	   (d),	   there	   is	  poor	  agreement	   for	   the	  two	  meshes	  in	  terms	  of	  the	  location	  of	  high	  strain	  and	  the	  peak	  values	  of	  the	  strain	  distribution.	  	  With	  a	  DL=0.525m	  in	  Figure	  5.35(d),	  the	  positions	  of	  the	  strain	  concentrations	  are	  similar,	  but	  the	  peak	  values	  indicating	  the	  critical	  slip	  surface	  occur	  at	  different	  positions.	  	  For	  the	  base	  pile	  mesh	   analysis	   that	   fails	   after	   20	   years,	   the	   shallow	   slip	   surface	   is	   critical,	   whereas	   for	   the	  midslope	   pile	   analysis	   with	   failure	   after	   44	   years,	   the	   deeper	   slip	   surface	   is	   critical.	   	   With	   a	  DL=1.05,	  Figure	  5.35(c),	  the	  location	  of	  one	  of	  the	  slip	  surfaces	  coincides,	  but	  the	  analysis	  that	  takes	  longer	  to	  reach	  slope	  failure	  has	  developed	  large	  strains	  on	  a	  lower	  slip	  surface	  in	  addition	  to	  the	  shallow	  failure	  surface.	  	  The	  development	  of	  strain	  on	  this	  lower	  slip	  surface	  is	  likely	  to	  be	  the	  cause	  of	  a	   longer	   time	   to	   failure	  and	   the	  difference	   in	   the	   final	  horizontal	  displacement	  at	  midslope.	   	  The	  pattern	  of	  slip	  surfaces	  developed	  reflects	   the	  difference	   in	   the	   time	   to	   failure,	  but	  confirms	  the	  mesh	  dependence	  when	  DL	  is	  equal	  to	  element	  size.	  The	  change	  in	  the	  rate	  of	  softening	  caused	  by	  DL	  is	  shown	  by	  the	  change	  in	  the	  gradient	  of	  the	  displacement	  over	  time	  graph,	  presented	  for	  a	  ratio	  of	  2:1	  in	  Figure	  5.33(a),	  and	  also	  reflected	  in	  the	   nonlocal	   plastic	   strain	   distribution,	   shown	   in	   Figure	   5.34.	   	   As	   DL	   reduces,	   the	   rate	   of	  softening	   increases.	   Figure	   5.34(b),	   (c)	   and	   (d)	   show	   an	   increase	   in	   the	   maximum	   values	   of	  nonlocal	  plastic	  strain	  at	  failure	  and	  a	  reduction	  in	  the	  width	  of	  the	  zones	  with	  a	  high	  nonlocal	  strain.	  	  This	  reflects	  the	  change	  in	  nonlocal	  strain	  distribution	  demonstrated	  in	  Section	  5.2.2	  and	  Figure	  5.9	  when	  the	  DL	  parameter	  is	  varied.	  	  The	  nonlocal	  strain	  distribution	  and	  therefore	  the	  areas	  with	  varied	  material	  strength	  are	  a	  product	  of	  the	  chosen	  DL	  value.	  	  	  However,	  the	  location	  of	  the	  slip	  surfaces	  shown	  by	  the	  local	  plastic	  strain	  distribution	  do	  show	  a	  correlation	  to	  the	  mesh	  and	  therefore	  the	  size	  and	  distribution	  of	  the	  elements.	  	  This	  is	  shown	  for	  the	  meshes	  with	  element	  sizes	  of	  2.1m	  and	  0.525m	  by	  the	  agreement	  of	  the	  location	  of	  the	  highest	  strain	  concentrations	  for	  two	  DL	  values	  in	  Figure	  5.36(a)	  and	  (c).	  This	  suggest	  that	  even	  when	   employing	   the	   nonlocal	   strain	   softening	  method,	   at	   this	   point	   in	   the	   analyses,	   35	   years	  after	   excavation,	   the	   mesh	   has	   influenced	   the	   position	   of	   the	   slip	   surfaces,	   if	   not	   the	   areas	  undergoing	  strain	  softening.	  	  DL	  has	  controlled	  the	  extent	  of	  strain	  softening	  by	  altering	  the	  rate	  of	  softening,	  but	  these	  results	  suggest	  that	  slip	  surface	  position	  has	  not	  been	  influenced	  by	  DL.	  	  The	  difference	   in	  the	  amount	  of	  strain	  softening	  that	  has	  occurred	  on	  the	  slip	  surface	  after	  35	  years	  due	  to	  DL	  can	  account	  for	  the	  small	  differences	  in	  the	  peak	  strains	  and	  slip	  surface	  widths	  in	   Figure	   5.36.	   	   The	   analyses	   employing	   meshes	   with	   an	   element	   size	   of	   1.05m	   refute	   this	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conclusion	  as	   the	   slip	   surfaces	  or	   strain	   concentrations	  are	   in	  different	  positions	   for	  different	  values	   in	   Figure	   5.36(b).	   	   The	  DL=2.1m	  positions	   are	   similar	   for	   the	  meshes	  with	   1.05m	   and	  2.1m	  element	  widths	  in	  Figure	  5.36(b)	  and	  (a).	  	  These	  results	  indicate	  that	  further	  investigation	  of	   the	  mesh	   influence	   in	   cutting	   analyses	   is	   required	   to	   identify	   suitable	  meshes	   for	   the	   pile	  analyses	  presented	  in	  Chapter	  7	  and	  these	  are	  presented	  in	  Section	  6.3.	  As	  the	  DL	  parameter	  is	  only	  involved	  in	  assessing	  the	  material	  strength	  reduction	  due	  to	  strain	  softening,	   it	   is	   not	   expected	   to	   influence	   results	   modelling	   a	   non-­‐softening	  material.	   	   A	   non-­‐softening	   analysis	  will	   confirm	   this	   and	   can	   also	   be	   used	   to	   assess	   the	   influence	   of	   the	  mesh	  employed	  when	   the	   soil	   does	   not	   soften.	   	   A	   set	   of	   non-­‐softening	   cutting	   slope	   analyses	  were	  performed	   that	   employed	   constant	   values	   for	   soil	   strength	   in	   the	   nonlocal	   strain	   softening	  constitutive	  model.	  	  Results	  for	  two	  constant	  soil	  strength	  options	  are	  presented	  in	  Figure	  5.37.	  The	  constant	  soil	  strength	  specified	  is	  either	  φ’	  =	  20°	  and	  c’	  =	  0kPa	  or	  φ’=20°	  and	  c’=2kPa.	  	  For	  each	  set	  of	  soil	  strength	  parameters,	  two	  meshes	  with	  the	  multiple	  pile	  layout	  and	  element	  sizes	  of	   2m	   or	   1m	   are	   employed,	   Figure	   5.25(g)	   and	   (h).	   	   The	   DL	   parameter	   is	   varied	   for	   the	   2m	  meshes,	   for	   each	   set	   of	   soil	   strengths.	   The	   results	   confirm	   that	   DL	   has	   no	   influence	   on	   non-­‐softening	   results.	   	  The	  mesh	  was	   shown	   to	  have	  a	   small	   influence	  on	   the	   time	   to	   failure	   for	   a	  non-­‐softening	   analysis.	   	   This	   demonstrates	   the	   slight	   sensitivity	   of	   a	   cutting	   analysis	   to	   the	  mesh,	  even	  without	  the	  difficulties	  of	  modelling	  the	  effects	  of	  softening	  to	  cause	  a	  more	  sudden,	  brittle	  slope	  failure.	  The	   cutting	   analyses	   presented	   in	   this	   section	   confirm	   that	   varying	   the	   DL	   parameter	   in	   the	  nonlocal	  strain	  softening	  constitutive	  model	  alters	  the	  strain	  softening	  response.	  	  The	  influence	  of	   DL	   on	   slip	   surface	   position	   is	   difficult	   to	   confirm,	   because	   the	   element	   size	   in	   the	   mesh	  employed	  also	  influences	  the	  slip	  surface	  position.	  	  The	  mesh	  employed	  is	  shown	  to	  control	  the	  slip	  surface	  position	  more	  than	  the	  DL	  value	  in	  some	  cases.	  The	  mesh	  is	  even	  shown	  to	  make	  a	  difference	  in	  non-­‐softening	  slope	  analyses.	  	  If	  the	  minimum	  element	  size	  to	  DL	  ratio	  is	  set	  at	  1:2	  the	  results	  for	  softening	  analyses	  are	  less	  mesh	  dependent,	  although	  a	  lower	  ratio	  still	  produces	  results	   that	   are	   an	   improvement	   on	   the	   local	   strain	   softening	   options.	   	   The	   1:2	   ratio	   is	  considered	   when	   choosing	   an	   appropriate	   mesh	   and	   DL	   for	   the	   parametric	   slope	   analyses	  presented	  in	  Chapters	  6	  and	  7.	  	  However,	  the	  influence	  of	  mesh	  layout	  and	  element	  size	  on	  slip	  surface	  position	  requires	   further	  clarification	  and	  will	  be	  explored	   further	   in	  Section	  6.3.	   	  The	  DL	  parameter	   alters	   the	   time	   to	   failure,	   as	  predicted	  by	  Section	  5.2.2,	   but	   the	  variation	   is	  not	  linear	   so	   halving	   the	  DL	  does	   not	   halve	   the	   time	   to	   failure.	   	   The	   choice	   of	  DL	   is	   important	   to	  softening	   rate,	   time	   to	   failure	   and	   mesh	   design.	   	   All	   these	   factors	   will	   be	   considered	   when	  selecting	  an	  appropriate	  value	  in	  Section	  5.3.4.	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Figure	  5.32	  The	  influence	  of	  DL	  on	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  cutting	  analyses	  employing	  two	  mesh	  layouts	  with	  varying	  element	  sizes	  and	  
the	  nonlocal	  strain	  softening	  model.	  Radius	  of	  influence	  is	  three	  times	  the	  characteristic	  length	  DL.	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Figure	  5.33	  The	  influence	  of	  DL	  on	  the	  horizontal	  displacement	  of	  midslope	  over	  time	  for	  cutting	  analyses	  employing	  two	  mesh	  layout	  types	  with	  varying	  element	  sixes,	  
RI	  =	  3DL,	  sorted	  by	  element	  size	  to	  DL	  ratio	  (a)	  ratio	  2:1,	  (b)	  ratio	  1:1	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Figure	  5.34	  The	  influence	  of	  DL	  on	  nonlocal	  strain	  distribution	  of	  a	  vertical	  cross	  section	  at	  midslope,	  close	  to	  failure,	  for	  analyses	  with	  a	  2:1	  ratio	  for	  DL	  to	  element	  size,	  





































Acc.	  NL	  Plastic	  Dev.	  Strain	  
(a)	  
All	  	  DL:element	  	  2:1	  
DL=4.2,	  	  	  Midslope	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  Midslope	  mesh	  1.05m	  DL=2.1,	  	  	  Base	  mesh	  1.05m	  DL=1.05,	  Midslope	  mesh	  0.525m	  DL=1.05,	  Base	  mesh	  0.525m	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Figure	  5.35	  The	  influence	  of	  DL	  on	  nonlocal	  strain	  distribution	  of	  a	  vertical	  cross	  section	  at	  midslope,	  close	  to	  failure,	  for	  analyses	  with	  a	  1:1	  ratio	  for	  DL	  to	  element	  size,	  





































Acc.	  NL	  Plastic	  Dev.	  Strain	  	  
(a)	  
All	  DL:element	  1:1	  
DL=2.1,	  	  	  	  	  Midslope	  2.1m	  DL=2.1,	  	  	  	  	  Base	  2.1m	  DL=1.05,	  	  	  Midslope	  1.05m	  DL=1.05,	  	  	  Base	  1.05m	  DL=0.525,	  Midslope	  0.525m	  DL=0.525,	  Base	  0.525m	  
DL	  =	  2.1m	  element	  size	  =2.1m	   DL	  =	  1.05m	  element	  size	  =1.05m	   DL	  =	  0.525m	  element	  size	  =0.525m	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Figure	  5.36	  The	  influence	  of	  DL	  and	  element	  size	  on	  local	  strain	  distribution	  of	  a	  vertical	  cross	  section	  at	  midslope,	  35	  years	  after	  excavation,	  RI=3DL.	  Separated	  by	  the	  





































Acc.	  Local	  Plastic	  Deviatoric	  Strain	  
(a)	  	  
Element	  size	  2.1m	  




































Acc.	  Local	  Plastic	  Deviatoric	  Strain	  
(b)	  	  
Element	  size	  1.05m	  



































Acc.	  Local	  Plastic	  Deviatoric	  Strain	  
	  (c)	  
Element	  size	  0.525m	  
DL=1.05,	  Midslope	  0.525m	  DL=1.05,	  Base	  0.525m	  DL=0.525,	  Midslope	  0.525m	  DL=0.525,	  Base	  0.525m	  
	  	  	  
309	  
	  
Figure	  5.37	  The	  effects	  of	  mesh	  and	  DL	  for	  non-­‐softening	  analyses,	  cutting	  analyses	  employing	  a	  nonlocal	  strain	  softening	  constitutive	  model	  with	  a	  constant	  strength	  
soil.	  	  RI	  =	  3DL	  
-­‐1.0	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Time	  since	  excavation	  Dinished	  (years)	  
c=0,	  DL=2.1,	  mesh	  2m	   c=2,	  DL=2.1,	  mesh	  2m	  
c=0,	  DL=1.0,	  mesh	  2m	   c=2,	  DL=1.0,	  mesh	  2m	  
c=0,	  DL=1.0,	  mesh	  1m	   c=2,	  DL=1.0,	  mesh	  1m	  
φ'=20°	  c'=0kPa	  
φ'=20°	  c'=2kPa	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5.3.3. Combined	  effects	  of	  Defined	  Length	  and	  strain	  softening	  range	  on	  slope	  analyses	  The	   combined	   effects	   of	   the	   nonlocal	   DL	   parameter	   and	   the	   rate	   of	   strain	   softening	   was	  presented	  by	  Marcher	   (2003)	  and	  Galavi	  &	  Schweiger	   (2010)	  as	  a	  method	  of	   relating	   the	  real	  slip	  surface	  width	  and	  softening	  rate	  to	  a	  feasible	  slip	  surface	  width	  that	  can	  be	  represented	  in	  a	  finite	  element	  boundary	  value	  problem.	  	  In	  such	  an	  analysis,	  there	  is	  a	  numerical	  limitation	  on	  the	  number	  and	  therefore	  size	  of	  elements	  that	  can	  be	  included	  in	  the	  mesh	  for	  the	  analyses	  to	  be	   completed	   within	   a	   reasonable	   time.	   	   The	   combined	   effects	   of	   softening	   rate	   and	   DL	   are	  assumed	   by	   the	   authors	   to	   have	   a	   linear	   relationship	   between	   the	   two	   parameters,	   Equation	  (3.9)	   (Galavi	   &	   Schweiger,	   2010;	   Marcher,	   2003).	   In	   Section	   5.2.3.2,	   this	   was	   shown	   to	   be	  approximately	   true	   for	   biaxial	   compression	   analyses,	   but	   a	   smaller	   element	   size	   produced	   a	  slightly	  slower	  rate	  of	  softening.	  	  	  The	  linear	  relationship	  between	  DL	  and	  the	  rate	  of	  softening	  has	  been	  evaluated	  in	  a	  series	  of	  cutting	  analyses.	  	  These	  analyses	  assume	  the	  soil	  properties	  for	  London	  Clay	  described	  in	  Table	  3.1,	  except	  for	  the	  adoption	  in	  these	  analyses	  of	  the	  k(b)	  permeability	  option	  from	  Figure	  3.29.	  	  The	  residual	  strength	  limit	  is	  changed	  to	  vary	  the	  softening	  range,	  SR,	  and	  therefore	  the	  rate	  of	  softening.	   	   A	   change	   in	   εr	   was	   found	   previously	   to	   have	   less	   influence	   on	   slip	   surface	  development	  than	  changing	  εp	  (Section	  5.2.3.2	  and	  Figure	  5.21).	  	  The	  combinations	  of	  DL,	  mesh	  and	  softening	  rate	  employed	  by	  these	  analyses	  are	  summarised	  in	  Table	  5.3.	  	  Two	  mesh	  layouts	  are	  employed,	  the	  base	  pile	  mesh	  and	  the	  midslope	  pile	  mesh,	  with	  a	  range	  of	  element	  sizes	  as	  shown	   in	  Figure	  5.25(a)	   to	   (f)	   (i.e.	   6	  potential	  meshes).	   	   For	   each	   combination	   in	   the	   table	   at	  least	  one	  mesh	  of	  each	  mesh	  layout	  was	  used.	  	  The	  DL	  to	  element	  size	  ratio	  is	  at	  least	  2:1	  for	  all	  these	   analyses	   following	   the	   evidence	   of	  mesh	   dependence	   for	   1:1	   ratios	   (see	   Section	   5.3.2).	  	  The	  results	  are	  presented	  in	  Figure	  5.38	  and	  Figure	  5.39,	  where	  the	  colour	  of	  the	  line	  identifies	  the	  mesh	  employed,	  a	  solid	  line	  represents	  the	  analyses	  in	  the	  figure	  with	  an	  altered	  softening	  rate	  and	   the	  other	   line	   types	  represent	   the	  DL	   for	  analyses	  with	   the	  original	   εp	  =	  5%	  and	  εr	  =	  20%	   strain	   limits.	   	   The	   results	   show	   little	   variation	   in	   the	   horizontal	   displacement	   over	   time	  between	  results	  where	  the	  only	  difference	  is	  if	  base	  or	  midslope	  mesh	  layout	  was	  employed.	  	  
Table	  5.3	  Combination	  of	  DL	  and	  strain	  softening	  range	  employed	  to	  assess	  the	  manipulation	  of	  the	  softening	  
rate	  in	  an	  excavated	  slope	  analysis.	  DL	  (m)	   Element	  length	  (m)	   εp	  (%)	   εr	  (%)	   Softening	  Range,	  SR	  (%)	   DL*SR	  4.2	   2.1	   5	   20	   15	   63	  1.05	   0.525	   5	   35	   30	   31.5	  2.1	   0.525	   5	   20	   15	   31.5	  2.1	   1.05	   5	   20	   15	   31.5	  2.1	   1.05	   5	   12.5	   7.5	   15.75	  1.05	   0.525	   5	   20	   15	   15.75	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Figure	  5.38	  Effects	  of	  combining	  strain	  softening	  rate	  and	  DL	  for	  London	  Clay	  10m	  high,	  1	  in	  3	  (vt:hz)	  cutting	  analyses	  employing	  the	  nonlocal	  strain	  softening	  model	  and	  
various	  meshes.	  	  Radius	  of	  influence	  is	  three	  times	  the	  DL.	  	  The	  initiation	  of	  softening	  is	  at	  5%	  plastic	  strain	  and	  completion	  of	  softening	  is	  varied.	  
-­‐1.0	  
-­‐0.5	  

























Time	  since	  excavation	  Kinished	  (years)	  
DL=4.2,	  SR=15%,	  Midslope	  pile	  mesh	  2.1m	   DL=4.2,	  SR=15%,	  Base	  pile	  mesh	  2.1m	  DL=1.05,	  SR=30%,	  Midslope	  pile	  mesh	  0.525m	   DL=1.05,	  SR=30%,	  Base	  pile	  mesh,	  0.525m	  DL=2.1,	  SR=15%,	  Midslope	  pile	  mesh	  0.525m	   DL=2.1,	  SR=15%,	  Base	  pile	  mesh	  0.525m	  DL=2.1,	  SR=15%,	  Midslope	  pile	  mesh	  1.05m	   DL=2.1,	  SR=15%,	  Base	  pile	  mesh	  1.05m	  DL=2.1,	  SR=7.5%,	  Midslope	  pile	  mesh,	  1.05m	   DL=2.1,	  7.5%,	  Base	  pile	  mesh,	  1.05m	  DL=1.05,	  SR=15%,	  Midslope	  pile	  mesh	  0.525m	   DL=1.05,	  SR=15%,	  Base	  pile	  mesh	  0.525m	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Figure	  5.39	  Effect	  of	  softening	  rate	  and	  DL	  on	  nonlocal	  strain	  distribution,	  vertical	  distribution	  of	  strain	  below	  midslope,	  14.8m	  from	  base	  of	  slope.	  	  (a)	  after	  400	  years,	  





































Accumulated	  NL	  Plastic	  Dev.	  Strain	  
(a)	  






0	   0.03	   0.06	   0.09	   0.12	   0.15	   0.18	  
Accumulated	  NL	  Plastic	  Dev.	  Strain	  
(c)	  






0	   0.03	   0.06	   0.09	   0.12	   0.15	   0.18	  
Accumulated	  NL	  Plastic	  Dev.	  Strain	  
(b)	  
DL=2.1,	  SR=15%,	  Midslope	  mesh	  1.05m	  DL=2.1,	  SR=15%,	  Midslope	  mesh	  0.525m	  DL=2.1,	  SR=15%,	  Base	  mesh	  1.05m	  DL=2.1,	  SR=15%,	  Base	  mesh	  0.525m	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Table	  5.3	  also	  identifies	  the	  analyses	  that	  are	  expected	  to	  coincide	  if	  the	  DL	  and	  rate	  of	  softening	  analyses	  have	  a	  linear	  relationship,	  by	  calculating	  the	  DL	  multiplied	  by	  softening	  rate	  in	  the	  final	  column.	  	  Neither	  set	  of	  altered	  softening	  range	  analyses	  demonstrates	  a	  linear	  relationship.	  	  The	  analyses	  that	  specify	  half	  the	  rate	  of	  softening,	  over	  30%	  strain,	  for	  a	  DL=1.05m	  are	  expected	  to	  coincide	  with	  analyses	  with	  twice	  the	  DL,	  2.1m	  and	  the	  original	  15%	  strain	  softening	  range.	  	  As	  can	  be	   seen	   in	  Figure	  5.38,	   the	  30%	  strain	   softening	   range	  analyses	  give	   results	   closer	   to	   the	  DL=4.2m	  analyses	  instead.	  	  The	  30%	  softening	  range	  analyses	  do	  not	  exactly	  coincide	  with	  the	  DL	  =	  4.2m	  analyses,	  demonstrating	  a	  slightly	  steeper	  gradient	  at	   the	  start	  of	   the	  analysis	   than	  the	  DL=4.2m	  analyses.	   	  Neither	  of	   these	   two	  sets	  of	  analyses	  resulted	   in	   failure	  so	   the	   time	  at	  failure	  cannot	  be	  compared.	  	  The	  relative	  position	  of	  the	  slip	  surfaces	  is	  shown	  after	  400	  years	  by	  a	  comparison	  of	  the	  vertical	  distribution	  of	  accumulated	  nonlocal	  plastic	  deviatoric	  strain	  at	  midslope,	  Figure	  5.39(a).	   	  The	  30%	  range	  results	   in	  deep	  slip	   surfaces	   forming	  13m	  and	  17m	  below	  the	  surface	  of	  the	  slope	  at	  midpoint.	  	  The	  strain	  that	  has	  developed	  on	  these	  slip	  surfaces,	  around	   15%,	   is	   sufficient	   for	   softening	   to	   be	   occurring	   but	   residual	   strength	   has	   not	   been	  reached.	   	  This	  deeper	  slip	  surface	  does	  not	  extend	  up	   to	   the	  crest	  of	   the	  slope,	  Figure	  5.40(b)	  and	  therefore	  does	  not	  form	  an	  unstable	  mass.	  	  This	  suggests	  that	  the	  combined	  value	  of	  DL	  and	  softening	  rate	  does	  not	  dictate	  the	  failure	  mechanism.	  If	   the	   relationship	   is	   linear	   between	   DL	   and	   SR,	   the	   analyses	   with	   a	   DL	   of	   2.1m	   and	   faster	  softening	   rate,	   twice	   the	  original	   rate	   and	   therefore	  with	  SR	  =	  7.5%,	   are	   expected	   to	   coincide	  with	  analyses	  using	  half	   the	  DL,	  DL=1.05m,	   and	   the	  original	  15%	  softening	   range.	   	  The	   faster	  softening	   rate	   results	   in	   a	   quicker	   slope	   failure	   than	   the	   DL=1.05m	   analyses.	   	   The	   original	  softening	   rate	   and	   DL=1.05m	   analyses	   produce	   two	   slip	   surfaces	   5m	   and	   10m	   below	   the	  midslope,	  Figure	  5.39(c).	  	  The	  SR	  =	  7.5%	  analyses	  produce	  a	  different	  slip	  surface	  pattern	  to	  the	  DL=1.05m	  analysis,	  Figure	  5.39(c),	  Figure	  5.40(e)	  and	  (f).	  This	  pattern	  has	  more	  similarities	  to	  the	  DL=2.1m	  analyses	  shown	  in	  Figure	  5.39(b)	  and	  Figure	  5.40(c)	  and	  (d).	   	  This	  suggests	   that	  the	   softening	   rate	   has	   less	   influence	   on	   the	   slip	   surface	   development	   than	   the	   DL	   value.	  	  Although	  for	  the	  DL=1.05m	  analyses	  in	  Figure	  5.39(a)	  and	  (c)	  and	  Figure	  5.40(b)	  and	  (f),	  the	  slip	  surface	  positions	  are	  very	  different,	  implying	  some	  influence	  for	  the	  specified	  softening	  rate.	  The	  two	  sets	  of	  analyses	  with	  altered	  softening	  ranges	  prove	  that	  there	  is	  not	  a	  simple	  DL	  and	  softening	   rate	   combination	   that	   can	   be	   used	   to	  manipulate	   the	   DL	   employed	   for	   a	   boundary	  value	  problem.	  	  The	  areas	  of	  high	  nonlocal	  strain	  are	  affected	  by	  the	  specified	  DL	  value	  and	  not	  the	  element	  size	  and	  layout	  of	  the	  mesh.	   	  Varying	  the	  rate	  of	  strain	  softening	  for	  the	  DL=2.1m	  and	  SR	  =	  7.5%	  analyses	  has	  less	  influence	  on	  the	  nonlocal	  strain	  distribution	  than	  the	  DL,	  but	  for	  DL	  =	  1.05m	  analyses	  the	  slip	  surface	  position	  is	  affected	  by	  the	  SR	  increasing	  from	  15%	  to	  30%.	  	  The	   effects	   of	   manipulating	   the	   softening	   rate	   by	   changing	   the	   range	   are	   not	   predictable,	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supporting	  the	  results	  for	  biaxial	  compression	  in	  Section	  5.2.3.2.	  	  Consequently,	  an	  appropriate	  DL	   will	   need	   to	   be	   evaluated	   using	   a	   realistic	   softening	   rate	   for	   the	   strain	   softening	   soil	  employed.	  	  If	  the	  soil	  softening	  behaviour	  is	  matched	  by	  artificially	  increasing	  the	  DL	  parameter	  combined	  with	  a	  reduced	  softening	  range,	  the	  critical	  failure	  mechanism	  and	  time	  to	  failure	  for	  cutting	  analyses	   in	  London	  Clay	  soil	   could	  be	  affected.	   	   	  This	  would	  create	   results	   that	  do	  not	  simulate	  the	  problem	  effectively.	  	  
	  
Figure	  5.40	  Contours	  of	  accumulated	  local	  plastic	  deviatoric	  strain	  for	  the	  last	  increment	  before	  failure,	  for	  
analyses	  varying	   strain	   softening	   range,	  DL	  and	   the	   size	  of	   the	  elements	   in	   the	  midslope	  pile	  mesh	   layout.	  	  
RI=3DL.	  The	  contour	  plots	  are	  truncated	  and	  present	  only	  the	  left	  side	  of	  the	  mesh	  where	  large	  strains	  occur.	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5.3.4. Calibration	  of	  the	  Defined	  Length	  Parameter	  based	  on	  Desired	  Softening	  Response	  To	  relate	  the	  DL	  to	  the	  softening	  rate	  of	  the	  soil,	  a	  comparison	  should	  be	  made	  to	  analyses	  that	  represent	  realistic	  strain	  softening	  of	  the	  soil	  without	  the	  inclusion	  of	  DL.	  	  That	  is,	  to	  relate	  the	  analyses	  employing	  the	  nonlocal	  method	  to	  results	  employing	  a	  local	  strain	  softening	  method	  or	  experimental	  results.	   	  The	  appropriate	  range	  of	  DL	  to	   investigate	   is	   influenced	  by	  the	  element	  size	  within	  the	  mesh	  to	  be	  employed	  in	  the	  final	  boundary	  value	  problem.	  	  A	  suitable	  DL	  value	  should	  be	  approximately	  twice	  the	  element	  size	  or	   larger	  to	   include	  sufficient	  strain	  reference	  points,	  as	  discussed	  in	  Section	  5.2.2.	  	  However	  for	  a	  given	  DL,	  the	  softening	  rate	  is	  not	  influenced	  by	  element	  size	  and	  therefore	  the	  element	  sizes	  of	  the	  mesh	  employed	  for	  analyses	  to	  determine	  a	  suitable	  DL	  can	  be	  of	  any	  size.	  	  The	  analyses	  presented	  in	  this	  section	  are	  summarised	  in	  Table	  5.4	  and	  the	  choice	  of	  element	  sizes	  for	  the	  biaxial	  compression	  analyses	  and	  nonlocal	  and	  local	  strain	  softening	  parameters	  will	  be	  discussed	  before	  the	  results	  are	  presented.	  	  
Table	   5.4	   Set	   of	   analyses	   exploring	   the	   effect	   of	   the	   defined	   length	   parameter	   in	   coupled	   consolidation	  
excavated	  slope	  analyses,	  showing	  the	  ratio	  of	  element	  size	  to	  DL	  value	  for	  the	  nonlocal	  model	  and	  the	  local	  
model	  softening	  range	  for	  the	  analyses	  performed.	  Mesh	  id	  &	  element	  arrangement	   Element	  size	   Nonlocal	  model:	  DL	  (SR	  5%	  to	  20%)	   Local	  model:	  SR	  peak	  to	  residual	  0.525m	   1.05m	   2.1m	   4.2m	  10x10	   2.1m	   -­‐	   -­‐	   1:1	   1:2	   5%	  to	  20%	  20x20	   1.05m	   -­‐	   1:1	   1:2	   1:4	   10%	  to	  40%	  40x40	   0.525m	   1:1	   1:2	   1:4	   1:8	   20%	  to	  80%	  	  For	   the	   stiff	   clay	   cutting	   analyses	   presented	   by	  Kovacevic	   (1994)	   and	   Potts	   et	   al.	   (1997),	   the	  local	   percentage	   strain	   softening	   model	   was	   employed	   to	   model	   London	   Clay	   with	   strength	  limits	  of	  5%	  and	  20%	  plastic	  deviatoric	  strain	  for	  peak	  and	  residual	  respectively.	  	  This	  produced	  a	  realistic	  failure	  time	  and	  mechanism	  that	  agreed	  with	  field	  data	  for	  cutting	  slopes	  of	  the	  same	  dimensions	   in	   London	   Clay.	   	   These	   strain	   limits	  were	   only	   appropriate	   for	   the	   element	   sizes	  employed	   in	   these	   analyses,	   similar	   to	   Figure	   3.26(a)	   and	   Figure	   5.25(i).	   	   These	   values	  were	  obtained	  using	  the	  results	  from	  a	  simple	  shear	  finite	  element	  test	  presented	  in	  Figure	  3.9	  (Potts	  et	  al.,	  1997).	  	  The	  displacements	  for	  the	  limits	  of	  softening	  obtained	  in	  this	  analysis	  were	  related	  to	  the	  size	  of	  the	  elements	  used	  in	  the	  mesh	  for	  the	  cutting	  analyses,	  with	  2m	  by	  1m	  elements	  beneath	   the	   slope	   surface.	   	   The	   5%	   and	   20%	   limits	   for	   a	   local	   percentage	   strain	   softening	  analyses	  are	  employed	  with	  a	  mesh	  with	  elements	  sized	  2.1m,	  to	  give	  an	  appropriate	  softening	  rate	   for	   London	   Clay.	   In	   the	  mesh	   layouts	   designed	   to	   incorporate	   vertical	   stabilisation	   piles,	  Figure	  5.25(a)	  to	  (h),	  the	  mesh	  elements	  beneath	  the	  slope	  will	  be	  a	  multiple	  of	  2.1m	  or	  1.2m,	  depending	  on	  the	  element	  discretisation.	  	  The	  DL	  is	  investigated	  with	  values	  that	  are	  multiples	  
	  	  	   316	  
of	   one	   of	   these	   values.	   	   Once	   a	   suitable	   value	   for	   DL	   is	   selected,	   this	   will	   dictate	   the	   size	   of	  elements	  in	  the	  mesh	  employed	  for	  parametric	  slope	  analyses	  in	  Chapter	  6	  and	  7.	  The	   variation	   of	   the	   rate	   of	   softening	   with	   DL	   was	   discussed	   in	   Section	   5.2.2	   for	   biaxial	  compression	  analyses.	   	  This	   type	  of	  analysis	  would	  be	  appropriate	   for	   initial	   investigations	   to	  determine	  a	  suitable	  DL.	  	  This	  value	  can	  then	  be	  validated	  by	  application	  to	  the	  excavated	  slope	  boundary	  value	  problem	  and	  comparison	  to	  the	  expected	  time	  to	  failure	  and	  failure	  mechanism.	  To	   evaluate	   a	   wider	   range	   of	   DL	   values,	   meshes	   with	   element	   sizes	   smaller	   than	   2.1m	   are	  required	  because	  for	  the	  nonlocal	  analyses	  to	  be	  effective	  the	  DL	  should	  be	  equal	  to	  or	  greater	  than	   the	   element	   size.	   	   Preferably,	  DL	  would	  be	   twice	   the	   element	   size,	   see	   Section	  5.2.2	   and	  5.3.2.	   	   Three	   square	  mesh	   layouts	   are	   chosen	   of	   the	   same	   format	   as	   Figure	   4.16	  with	   10x10,	  20x20	  and	  40x40	  elements.	  	  However,	  the	  mesh	  is	  21m	  by	  21m	  in	  size	  to	  produce	  element	  sizes	  of	  2.1m,	  1.05m	  and	  0.525m.	  	  These	  are	  similar	  to	  the	  element	  sizes	  in	  the	  slope	  for	  the	  meshes	  that	  will	  be	  used	  to	  model	  stiff	  clay	  excavated	  slopes	  and	  piles.	  With	  smaller	  element	  sizes,	  the	  softening	  limits	  for	  the	  mesh	  dependent	  local	  percentage	  strain	  softening	  model	  must	  be	  varied	   to	  produce	   the	   same	  softening	   rate,	   by	  maintaining	   the	   same	  displacement	   at	   which	   the	   softening	   limits	   are	   reached.	   	   The	   local	   percentage	   model	   can	   be	  manipulated	  in	  this	  way,	  but	  only	  for	  this	  type	  of	  analysis	  with	  a	  mesh	  that	  has	  a	  regular	  square	  format.	   	  For	  the	  20x20	  mesh	  with	  elements	  half	  the	  size,	  twice	  the	  limits	  are	  specified	  as	  10%	  and	  40%.	  	  For	  the	  40x40	  mesh,	  20%	  and	  80%	  strain	  limits	  are	  specified.	  	  The	  local	  displacement	  strain	   softening	  method	  would	  automatically	   account	   for	   the	  variation	   in	   element	   size,	   but	   as	  was	   discussed	   in	   Section	   4.5.2,	   it	   was	   not	   possible	   to	   employ	   this	   model,	   as	   drained	   biaxial	  compression	  analyses	  would	  not	  converge	  past	  the	  peak	  strength	  limit.	  	  The	  analyses	  presented	  in	   this	   section	  were	  drained	  with	   soil	  properties	   for	  London	  Clay	  as	   specified	   in	  Table	  4.4.	   	  A	  constant	  Young’s	  modulus,	  E	  of	  50	  000kPa	  was	  prescribed	  instead	  of	  the	  variation	  of	  E	  with	  p’	  used	  for	  the	  London	  Clay	  analyses	  in	  Chapter	  4.	  	  The	  nonlocal	  model	  employed	  softening	  limits	  of	  5%	  and	  20%	  nonlocal	  deviatoric	  plastic	  strain	  for	  peak	  and	  residual	  strength.	  	  The	  radius	  of	  influence	  was	  three	  multiples	  of	  DL,	  which	  will	  be	  evaluated	  in	  the	  next	  section,	  Section	  5.3.5.	  The	  results	  for	  these	  analyses	  are	  presented	  in	  Figure	  5.41.	  	  The	  altered	  softening	  rates	  for	  the	  different	   element	   sizes	   with	   the	   local	   percentage	   strain	   softening	   model	   produce	   coinciding	  results.	  	  DL	  values	  of	  0.525m,	  1.05m,	  2.1m	  and	  4.2m	  are	  presented	  to	  correspond	  to	  the	  element	  sizes	  of	  the	  midslope	  and	  base	  pile	  mesh	  layouts.	  	  The	  same	  DL	  value	  was	  employed	  for	  multiple	  analyses,	  where	  more	  than	  one	  mesh	   layout	  provided	  element	  sizes	  that	  were	  greater	  than	  or	  equal	   to	   the	  DL	  value.	   	  These	  nonlocal	   results	  demonstrated	   the	   low	  mesh	  dependence	  of	   the	  method.	  	  For	  the	  same	  large	  value	  of	  imposed	  vertical	  displacement,	  after	  material	  softening	  has	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finished	  for	  the	  nonlocal	  analyses,	  the	  local	  results	  exhibit	  a	  higher	  reaction	  load.	  	  This	  reaction	  load	  for	  the	  local	  results	  continues	  to	  decrease	  long	  after	  the	  residual	  plateau	  on	  Figure	  5.41	  has	  been	   reached	   by	   the	   nonlocal	   analyses.	   	   However,	   the	   continued	   reduction	   in	   reaction	   load	  occurs	  at	  a	  slower	  rate	  creating	  a	  shallower	  gradient	  than	  the	  initial	  softening	  gradient	  for	  the	  local	   results.	   	   This	   suggests	   a	   different	   behaviour	   for	   the	   local	   model	   after	   the	   material	   has	  initially	   softened.	   	  With	   increased	   imposed	  displacement,	   the	  deformation	  of	   the	  material	  and	  therefore	   the	  deformations	   of	   the	   elements	   increase.	   	   For	   the	   local	  methods	   this	   deformation	  results	   in	  a	   further	   loss	   in	   residual	   load.	   	  This	  could	  be	  due	   to	   the	  continued	  concentration	  of	  strains	  in	  a	  slip	  surface	  whose	  width	  decreases	  as	  the	  elements	  deform,	  whereas	  the	  slip	  surface	  width	  is	  not	  influenced	  by	  element	  size	  for	  the	  nonlocal	  methods.	  	  A	  smaller	  slip	  surface	  width	  and	  therefore	  area	  of	  material	  will	  support	  a	  smaller	  load.	  The	  shape	  of	  the	  local	  graphs	  is	  reminiscent	  of	  the	  relationship	  between	  post	  rupture	  strength	  and	  residual	   strength	  as	  described	  by	  Burland	  (1990)	   in	  Section	  2.1,	   suggesting	   that	  although	  the	   nonlocal	  method	  produces	  more	   regular	   and	   repeatable	   results,	   the	   local	   strain	   softening	  methods	  may	  be	   capable	   of	  modelling	   some	   real	   soil	   behaviour	   not	   captured	   by	   the	   nonlocal	  method.	  	  The	  choice	  of	  strain	  softening	  method	  should	  always	  be	  an	  evaluation	  of	  the	  benefits	  of	  each	   method	   and	   applicability	   to	   the	   particular	   problem	   modelled.	   	   The	   nonlocal	   strain	  softening	  model	   offers	   lower	  mesh	  dependence,	   facilitates	   convergence,	   but	  with	   at	   least	   one	  additional	   parameter	   to	   define.	   	   The	   local	   strain	   softening	  model	  may	  model	   strain	   softening	  behaviour	  more	  realistically	  as	  the	  slip	  surface	  develops	  post	  rupture,	  but	  is	  reliant	  on	  a	  regular	  mesh	  to	  apply	  the	  same	  strain	  softening	  limits	  throughout	  the	  problem.	   	  The	  improvements	  in	  the	   location	   of	   the	   slip	   surfaces	   and	   time	   to	   failure	   shown	   by	   employing	   the	   nonlocal	   strain	  softening	  model	   compared	   to	   the	   local	  displacement	  method	   for	   cutting	  analyses,	   Figure	  5.26	  versus	  Figure	  5.27,	  make	  the	  new	  nonlocal	  method	  more	  suited	  to	  the	  simulation	  of	  stabilisation	  piles	  in	  a	  stiff	  clay	  excavated	  slope.	  The	  DL	  =	  1.05m	  analyses	  produce	  a	  close	  match	  to	  local	  percentage	  strain	  softening	  results	  and	  therefore	  a	  suitable	  DL	  to	  represent	  the	  softening	  rate	  of	  London	  Clay.	  	  The	  DL	  =	  1.05m	  in	  Figure	  5.32	  produces	  a	   time	  to	   failure	  of	  around	  50	  years.	   	  This	   time	  to	   failure	   is	  consistent	  with	  the	  expected	  time	  to	  failure	  of	  a	  10m	  high	  slope	  with	  a	  1	  in	  3	  gradient	  as	  discussed	  in	  Section	  2.2.	  A	  DL	  of	  1.0m	  will	  be	  employed	  for	  the	  cutting	  slope	  and	  pile	  analyses	  in	  Chapter	  6	  and	  7.	  	  Biaxial	  compression	  analyses	  employing	  DL=1.0	  are	  compared	  to	  the	  local	  percentage	  strain	  results	  in	  Figure	   5.42.	   The	   initial	   rate	   of	   softening	   coincides.	   	   This	   DL	   value	   is	   specific	   to	   the	  material	  softening	   properties	   specified	   in	   these	   analyses	   and	   with	   consideration	   of	   the	   application	   to	  analyses	   in	   Chapter	   6	   and	   7.	   	   If	   the	   nonlocal	   strain	   softening	   method	   is	   to	   be	   employed	   for	  another	  application,	  an	  independent	  assessment	  of	  a	  suitable	  DL	  should	  be	  performed.	  
	  	  	  
318	  
	  
Figure	  5.41	  Evaluating	  a	  suitable	  DL	  for	  slope	  analyses,	  biaxial	  compression	  analyses	  employing	  21m	  by	  21m	  meshes	  with	  varying	  numbers	  of	  elements.	  	  DL	  is	  varied	  for	  





















Vertical	  displacement	  at	  top	  boundary	  (m)	  
Local	  ε,	  p5%	  r	  20%,	  mesh	  10x10	   Nonlocal,	  DL=2.1,	  10x10	  Local	  ε,	  p10%	  r40%,	  mesh	  20x20	   Nonlocal,	  DL=2.1,	  20x20	  Local	  ε,	  p20%	  r80%,	  mesh	  40x40	   Nonlocal,	  DL=2.1,	  40x40	  Nonlocal,	  DL=4.2,	  10x10	   Nonlocal,	  DL=1.05,	  20x20	  Nonlocal,	  DL=4.2,	  20x20	   Nonlocal,	  DL=1.05,	  40x40	  Nonlocal,	  DL=4.2,	  40x40	   Nonlocal,	  DL=0.525,	  40x40	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5.3.5. Selection	  of	  a	  Suitable	  Radius	  of	  Influence	  for	  excavated	  slope	  analyses	  To	   assess	   an	   appropriate	   radius	   of	   influence,	   RI,	   there	   must	   be	   a	   consideration	   of	   both	   the	  accuracy	  and	  time	  saving	  afforded	  by	  employing	  a	  range	  of	  RI	  values.	  	  The	  evaluation	  of	  a	  range	  of	  RI	   for	   biaxial	   compression	   and	   excavated	   slope	   analyses	   are	  presented	   in	   this	   section.	  The	  first	  two	  sets	  of	  analyses	  evaluate	  the	  influence	  of	  RI	  for	  drained	  biaxial	  compression	  analyses	  employing	  a	  21m	  by	  21m	  mesh	  with	  a	  DL=1.0m,	  compared	  to	  the	  local	  percentage	  strain	  results	  in	  Figure	  5.42.	  	  Stiff	  clay	  soil	  is	  modelled	  using	  the	  same	  soil	  properties	  as	  for	  the	  selection	  of	  an	  appropriate	  DL	  in	  Section	  5.3.4,	  Table	  4.4,	  but	  with	  the	  chosen	  DL	  of	  1.0m.	   	  For	  the	  first	  set	  of	  analyses	  a	  20x20	  element	  mesh	  employs	  a	  radius	  of	  influence,	  RI	  of	  2m,	  3m,	  4m,	  4.5m,	  5m	  and	  6m	  and	  no	  specified	  RI.	   	  The	  second	  set	  of	  biaxial	   compression	  analyses	  use	  a	  40x40	  element	  mesh	  with	  RI	  =	  2m,	  3m,	  4m	  and	  6m	  and	  no	  specified	  RI.	  	  	  	  
	  


















Vertical	  displacement	  at	  top	  boundary	  (m)	  
Local	  ε	  mesh	  10x10	  p5%	  r20%	   Nonlocal	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  40x40,	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  RI=2	  Local	  ε	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  20x20	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  r40%	   Nonlocal	  mesh	  20x20,	  DL=1,	  No	  RI	  Local	  ε	  mesh	  40x40	  p20%	  r80%	   Nonlocal	  mesh	  40x40,	  DL=1,	  No	  RI	  




Figure	  5.43	  A	  comparison	  of	  the	  accuracy	  of	  using	  various	  radius	  of	  influence	  for	  drained	  biaxial	  compression	  analyses	  with	  a	  21m	  by	  21m	  mesh	  with	  DL=1.0m	  for	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  boundary	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Vertical	  displacement	  at	  top	  boundary	  (m)	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Figure	  5.44	  Time	  saving	  provided	  by	  employing	  a	  RI	   in	  a	  biaxial	  compression	  analysis	  with	  a	  21m	  by	  21m	  
mesh	  for	  two	  mesh	  discretisations	  (40x40	  and	  20x20	  elements).	  	  Time	  saving	  is	  compared	  (a)	  relative	  to	  RI	  =	  
6m	  and	  (b)	  relative	  to	  specifying	  no	  RI.	  	  The	   difference	   in	   the	   residual	   load	   values	  when	  RI	   is	   varied	   is	  minute	   and	   not	   visible	   on	   the	  scale	  of	  a	  load	  versus	  displacement	  graph,	  as	  shown	  on	  Figure	  5.42	  for	  the	  difference	  between	  the	  nonlocal	  RI	  =	  2m	  and	  no	  RI	  analyses.	   	  The	  difference	  in	  values	  occurs	  during	  the	  softening	  part	  of	  the	  analysis.	   	  For	  a	  variation	  of	  RI	  the	  difference	  in	  residual	   load	  is	  small,	  but	   it	  can	  be	  quantified	  as	  a	  percentage	  of	  the	  no	  RI	  results.	  	  The	  change	  in	  the	  results	  for	  a	  variation	  of	  RI	  is	  compared	   in	   Figure	   5.43	   to	   the	   reaction	   load	   of	   the	   analyses	   with	   no	   specified	   RI.	   The	   peak	  strength	  limit	  has	  been	  reached	  before	  0.05m	  applied	  vertical	  displacement.	   	  The	  difference	  in	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79.19%	   100.00%	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results	   when	   RI	   is	   varied	   continues	   from	   this	   point	   until	   the	   residual	   plateau,	   with	   results	  converging	  just	  after	  0.5m	  applied	  vertical	  displacements	  for	  both	  sets	  of	  analyses,	  Figure	  5.43.	  With	  an	  RI	  =	  2.0m,	  which	  is	  twice	  the	  DL	  value	  of	  1.0m,	  there	  is	  less	  than	  0.6%	  difference	  in	  the	  output	  of	   the	   reaction	   load	   for	   the	  40x40	  analysis,	   Figure	  5.43(b)	   and	   for	   the	  20x20	  analysis,	  Figure	   5.43(a)	   less	   than	   0.3%	   difference.	   	   When	   a	   RI	   of	   3.0m	   or	   above	   is	   employed,	   this	  difference	  reduces	  to	  less	  than	  0.1%	  of	  the	  reaction	  load	  for	  no	  RI,	  for	  both	  mesh	  layouts.	  With	  an	  RI	  of	  4.0m	  or	  6.0m	  for	  both	  mesh	  discretisations	  and	  RI	  of	  4.5	  and	  5.0	   for	   the	  20x20	  mesh	  analyses,	  the	  difference	  in	  results	  is	  very	  small.	   	  For	  an	  RI	  of	  6m	  with	  the	  20x20	  element	  mesh	  the	  results	  are	   identical	   to	   the	  no	  RI	  and	  20x20	  element	  mesh	  analysis,	  Figure	  5.43(a).	   	   If	   the	  size	  of	  RI	   is	  compared	  to	  the	  strain	  contribution	  for	  nonlocal	  calculations	  for	  DL=1.0	   in	  Figure	  4.1(a),	  the	  reason	  for	  the	  very	  small	  differences	  with	  a	  RI	  equal	  to	  or	  greater	  than	  3	  multiples	  of	  DL	  is	  obvious.	  At	  a	  distance	  greater	  than	  2.5	  units	  from	  the	  calculation	  point	  the	  contributions	  of	  strains	  given	  the	  weighting	  function	  is	  almost	  null.	  	  Although	  an	  RI	  of	  2	  multiples	  of	  DL,	  as	  used	  by	   Jostad	  &	  Grimstad	   (2011),	   could	  be	  satisfactory	  when	  employing	   the	  Gaussian	  distribution	  Figure	   4.1(a)	   and	   Figure	   4.2	   (a).	   	   For	   the	   G&S	   nonlocal	   model,	   the	   G&S	   weighting	   function	  requires	  a	  larger	  RI,	  Figure	  4.2(b).	  	  An	  RI	  of	  three	  or	  more	  confirms	  the	  RI	  values	  used	  in	  initial	  biaxial	  compression	  results,	  as	  discussed	  in	  Section	  5.2.1.	  	  The	  time	  saving	  for	  both	  these	  sets	  of	  analyses	  are	  presented	  in	  Figure	  5.44	  in	  terms	  of	  the	  CPU	  time.	  	  The	  colours	  correspond	  to	  the	  colours	  of	  lines	  used	  in	  Figure	  5.43.	  	  The	  20x20	  and	  40x40	  mesh	  analyses	  use	  elements	  of	  different	  sizes	  and	  therefore	  different	  numbers	  of	  elements.	  	  The	  time	   comparison	   is	   therefore	   presented	   as	   a	   percentage	   of	   the	   CPU	   time	   to	  make	   the	   results	  comparable	  both	  within	  the	  analyses	  for	  the	  same	  mesh	  and	  for	  the	  same	  RI	  value.	  	  The	  analyses	  are	   presented	   for	   two	   types	   of	   comparison.	   	   Firstly,	   in	   terms	   of	   time	   saving	   provided	   in	  comparison	  to	  other	  RI	  values	  by	  percentage	  of	  the	  RI	  =	  6m	  analysis,	  Figure	  5.44(a).	  	  Secondly,	  to	  demonstrate	  that	  the	  use	  of	  the	  RI	  parameter	  is	  advisable,	  a	  percentage	  of	  the	  no	  RI	  analyses	  is	   calculated	   and	   presented	   in	   Figure	   5.44(b).	   The	   values	   used	   to	   create	   Figure	   5.44	   use	   CPU	  time.	   As	   discussed	   in	   Section	   5.2.1,	   it	   provides	   a	   more	   comparative	   time	   to	   compare	   the	  numerical	  efficiency	  and	  therefore	  the	  time	  saving	  of	  the	  parameter	  (McDougall	  &	  Mauro,	  2006;	  Brouwer,	  2000).	  	  	  A	  reduced	  RI	  reduces	  the	  time	  of	  the	  analysis	  by	  reducing	  the	  number	  of	  elements	  that	  will	  be	  included	   in	   the	   nonlocal	   strain	   calculation.	   	   The	   nonlocal	   calculation	   is	   made	   to	   assess	   the	  degree	  of	  material	  softening	  for	  all	  iterations	  of	  every	  increment	  once	  the	  plastic	  strain	  limit	  has	  been	  reached.	  	  The	  use	  of	  an	  RI	  greatly	  reduces	  the	  time	  for	  an	  analysis.	  	  An	  RI	  of	  6	  times	  the	  DL	  only	  requires	  about	  20%	  of	  the	  no	  RI	  analysis	  time,	  Figure	  5.44(b)	  and	  the	  value	  of	  the	  results	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are	  very	  similar	  to	  the	  no	  RI	  analysis,	  Figure	  5.43.	   	  This	  verifies	  that	  even	  in	  a	  simple	  analysis,	  use	   of	   the	   RI	   parameter	   is	   advisable.	   	   An	   RI	   of	   3m	   provides	   a	   close	   result	   to	   the	   biaxial	  compression	  analyses	  with	  no	  specified	  RI,	  but	  a	  higher	  RI	  gives	  an	  improved	  result.	  	  An	  RI	  of	  4	  times	   the	  DL,	   4m,	   offers	   a	   result	   slightly	   closer	   to	   the	  no	  RI	   analyses	  but	   the	   time	   cost	   of	   the	  analysis	  increases	  compared	  to	  a	  RI	  of	  3m.	  	  For	  the	  20	  x20	  mesh	  analyses,	  an	  RI	  of	  3m	  or	  three	  times	  the	  DL	  takes	  60%	  of	  the	  RI	  =	  4m	  time,	  and	  for	  the	  40	  x	  40	  mesh	  analyses	  71%	  of	  the	  time.	  	  For	   the	   40x40	  mesh,	   the	   absolute	   real	   time	   comparison	  was	   12	   hours	   and	   20	  minutes	   for	  RI	  =3.0m,	  19	  hours	  and	  28	  minutes	  for	  RI	  =	  4.0m	  and	  165	  hours	  when	  no	  RI	  was	  specified.	  	  These	  times	  are	  stated	  to	  provide	  context	  for	  decisions	  made	  on	  time.	  	  Depending	  on	  the	  application,	  this	  time	  saving	  would	  merit	  the	  slight	  difference	  in	  reaction	  load.	  The	  impact	  of	  varying	  the	  radius	  of	  influence	  was	  also	  investigated	  for	  stiff	  clay	  cutting	  analyses.	  	  All	  properties	  and	  parameters	  except	  the	  radius	  of	  influence	  remained	  constant.	  	  The	  radius	  of	  influence	   was	   specified	   as	   3.0m,	   4.5m	   and	   6.0m	   for	   a	   DL	   of	   1.0m	   and	   a	   no	   RI	   analysis	   with	  DL=1.0m	   was	   performed.	   	   The	   horizontal	   displacement	   of	   the	   midslope	   with	   time	   for	   these	  three	   analyses	   is	   presented	   in	   Figure	   5.45.	   	   The	   analyses	   results	   agree	   until	   just	   prior	   to	   20	  years	  after	  excavation.	  	  There	  is	  a	  variation	  in	  the	  time	  to	  slope	  failure	  of	  7	  years	  for	  a	  40	  year	  failure,	   approximately	  a	  20%	  variation.	   	  The	  RI	  =	  3.0m	  and	  no	  RI	   analyses	  give	   failure	  at	   just	  over	  40	  years,	  for	  RI	  =	  4.5m	  and	  6.0m	  the	  failure	  is	  just	  over	  35	  years,	  within	  one	  year	  of	  each	  other.	   	  This	  variation	  in	  time	  should	  be	  viewed	  in	  context	  of	  the	  influence	  of	  other	  parameters	  and	   soil	   properties,	  which	  will	   be	   discussed	   in	   Chapter	   6	   and	  Appendices	  A	   and	  B.	   	   A	   7	   year	  difference	   in	   time	   to	   failure	   is	   a	   relatively	   small	   variation.	   	   The	   path	   for	   the	   horizontal	  displacement	  is	  slightly	  different	  for	  all	  four	  analyses,	  although	  the	  variation	  is	  small	  compared	  to	  the	  effects	  of	  DL	  or	  softening	  rate	  discussed	  earlier	  in	  this	  Chapter.	  	  	  The	  relative	  development	  of	  slip	  surfaces	  within	  the	  slope	  can	  be	  used	  to	  explain	  the	  difference	  in	  horizontal	  displacement	  with	  time.	   	  The	  strain	  distribution	  for	  these	  four	  analyses	  is	  shown	  for	   a	   cross	   section	   of	   the	   slope	   at	   the	   base	   of	   the	   slope,	   Figure	   5.46(a)	   and	   at	   the	  midslope,	  Figure	   5.46(b)	   as	   shown	   in	   the	   inset.	   	   In	   addition,	   the	   strain	   contours	   for	   these	   analyses	   are	  presented	   in	   Figure	   5.47.	   	   These	   figures	   serve	   to	   demonstrate	   the	   impact	   this	   parameter	   can	  make.	  	  This	  is	  a	  wider	  variation	  of	  results	  than	  was	  expected.	  	  The	  sensitivity	  of	  excavated	  slope	  results	  to	  the	  RI	  parameter	  suggests	  that	  the	  development	  of	  strains	  and	  therefore	  slip	  surfaces	  within	  a	  slope	  are	  still	  volatile	  when	  employing	  the	  nonlocal	  strain	  softening	  model.	  	  Evidence	  of	  the	  source	  of	  this	  unpredictability	  is	  discussed	  in	  Chapter	  6.	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Figure	  5.45	  The	  effect	  of	  varying	  the	  Radius	  of	  Influence,	  RI	  within	  a	  strain	  softening	  cutting	  analysis	  	  However,	  the	  critical	  slip	  surface	  is	  the	  same	  for	  all	   four	  analyses	  and	  it	   is	  a	  secondary	  deeper	  slip	   surface	   that	   has	   developed	   to	   a	   different	   extent	   for	   each	   analysis	   that	   has	   caused	   the	  difference	  in	  the	  results.	  	  The	  secondary	  slip	  surfaces	  vary	  in	  terms	  of	  position	  and	  development	  of	   local	   and	   nonlocal	   strains	   before	   slope	   failure.	   	   The	   analyses	  with	   the	   greatest	   concurrent	  development	   of	   slip	   surfaces,	   RI=3m	   and	   no	   RI,	   take	   the	   longest	   time	   to	   reach	   failure.	   	   The	  strains	  developed	  are	  shown	  for	  no	  RI	  in	  Figure	  5.47(d)	  and	  RI	  =	  3m	  in	  Figure	  5.47(a)	  and	  both	  in	   Figure	   5.46.	   	   In	   the	   same	   manner	   as	   the	   development	   of	   multiple	   slip	   surfaces	   in	   biaxial	  compression	  analyses	   in	  Chapter	  4	   resulted	   in	   a	   slower	   rate	  of	   softening,	   the	  development	  of	  multiple	   surfaces	  has	  slowed	  softening	   in	   the	  slope	  analyses.	   	  The	  position	  and	  strains	  on	   the	  critical	  slip	  surface	  do	  agree,	  Figure	  5.46(b),	  providing	  some	  confidence	  in	  the	  repeatability	  of	  the	  results.	  	  For	  stabilisation	  pile	  analyses,	  the	  position	  and	  development	  of	  strain	  in	  the	  slope	  is	  important	   and	   the	   nonlocal	   strain	   softening	   method	   provides	   a	   better	   repeatability	   for	   slip	  surface	   development	   than	   the	   local	   analyses,	   therefore	   use	   of	   the	   nonlocal	   strain	   softening	  method	  in	  an	  excavated	  slope	  will	  continue	  to	  be	  investigated.	  	  The	  decision	  of	  which	  value	  of	  RI	  to	  employ	  for	  the	  slope	  analyses	  should	  not	  be	  made	  solely	  on	  the	  similarity	  of	  the	  results	  to	  a	  no	  RI	  analysis,	  a	  consideration	  of	  the	  time	  efficiency	  RI	  provides	  is	  also	  of	  interest.	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Figure	  5.47	  Local	  Plastic	  deviatoric	  strain	  contours	  for	  excavated	  slopes	  analyses	  with	  various	  values	  for	  the	  
RI	  parameter.	  	  DL	  =	  1m,	  excavation	  10m	  deep	  for	  the	  last	  converged	  increment.	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Table	   5.5	   Time	   to	   perform	   analyses	   when	   employing	   the	   nonlocal	   method	   with	   varying	   RI	   and	   the	   local	  
displacement	  strain	  softening	  method	  for	  excavated	  slope	  analyses	  RI	   RI	  =	  3.0m	   RI=	  4.5m	   RI=	  6.0m	   No	  RI	   Local	  d	  Excavation	   CPU	   time	   (increment	  1	  to	  25)	  (CPU	  seconds)	   5579.8	   7881.3	   10678	   83835.1	   2882.7	  Total	  CPU	  time	  	  (CPU	  seconds)	   14855.9	   17672	   29264.8	   324001.1	   6420.1	  Total	  number	  of	  increments	   121	   106	   135	   138	   82	  Total	  CPU	  time	  per	  increment	   122.8	   166.2	   216.8	   2341.8	   78.3	  Total	  Real	  time	  (hours	  &minutes)	   4h16m	   4h40m	   8h17m	   90h15m	   1h54m	  	  The	  time	  for	  these	  four	  slope	  analyses	  to	  be	  performed	  is	  compared	  considering	  the	  total	  CPU	  seconds	   taken	   to	   perform	   each	   analysis.	   	   The	   real	   time	   values	   are	   also	   given	   in	   Table	   5.5	   to	  provide	   context	   for	   the	   decisions	   based	   on	   time.	   	   Other	   processes	   being	   performed	   by	   the	  computer	   and	  network,	   at	   the	   same	   time	  as	   the	   analyses,	   influence	   the	   real	   time	  values.	   	  The	  CPU	   time	   excludes	   these	   (McDougall	   &	   Mauro,	   2006;	   Brouwer,	   2000).	   	   The	   excavated	   slope	  analyses	  required	  several	  restarts	  to	  refine	  the	  size	  of	  the	  time	  increments	  close	  to	  failure	  of	  the	  slope.	   	  This	  resulted	  in	  a	  different	  number	  of	   increments	  and	  iterations	  for	  each	  analysis.	   	  The	  first	  25	   increments	  perform	   the	  excavation	  phase	  of	   the	  analysis	  and	  provide	  a	  period	  with	  a	  comparable	  number	  of	   iterations	  as	  well	   as	   increments.	   	   	  The	  CPU	   time	   for	   the	  25	  excavation	  increments	  and	  the	  total	  number	  of	  increments	  including	  excavation	  are	  compared	  for	  the	  three	  analyses	  employing	  RI	  in	  Figure	  5.48.	  	  These	  continue	  the	  trend	  of	  a	  reduction	  in	  the	  time	  of	  the	  analysis	  for	  a	  reduction	  in	  RI.	   	  The	  excavation	  phase	  represents	  a	   large	  portion	  of	  the	  analysis	  CPU	  time	  for	  each	  analysis.	  	  However,	  the	  excavation	  increments	  may	  not	  provide	  a	  good	  period	  for	  a	   time	  comparison	  of	  nonlocal	  parameters	  since	  the	  strain	   levels	  during	  excavation	  do	  not	  immediately	  result	  in	  employment	  of	  the	  nonlocal	  strain	  softening	  calculations.	  	  	  To	  provide	  a	  more	  comparable	  set	  of	  data	  for	  time,	  three	  types	  of	  the	  time	  data	  are	  presented	  in	  Figure	  5.49,	  excavation	  CPU	  time,	  total	  CPU	  time	  and	  total	  CPU	  time	  per	  increment.	  	  	  	  The	  total	  CPU	  time	  can	  be	  normalised	  by	  the	  number	  of	  increments	  to	  provide	  a	  CPU	  time	  per	  increment	  value.	   	  This	  value	  does	  not	  necessarily	  reflect	   the	   total	  number	  of	   iterations	  as	   the	  number	  of	  iterations	   could	   vary	   for	   every	   increment,	   but	   it	   is	   an	   easier	   value	   to	   calculate	   than	   time	   per	  iteration.	   	   For	   each	   of	   these	   three	   types	   of	   time	  data,	   the	   time	   comparison	   is	  made	   as	   both	   a	  percentage	   of	   the	   analysis	   with	   no	   RI	   (red,	   smaller	   values)	   and	   as	   percentage	   of	   the	   RI=6m	  analysis	   time	   (blue,	   larger	   values).	   	   The	   percentage	   values	   are	   calculated	   using	   the	   values	   in	  Table	   5.5.	   	   The	   time	   result	   for	   an	   analysis	   with	   the	   same	   soil	   and	   model	   parameters,	   but	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employing	   a	   local	   displacement	   strain	   softening	  model	   provides	   further	   context	   to	   assess	   the	  time	  cost	  of	   a	  nonlocal	   strain	   softening	  model	   and	   the	  use	  of	   the	  RI	  parameter	   to	   reduce	   this	  time.	  The	   results	   in	   Figure	   5.49	   all	   portray	   the	   same	   trends.	   	   The	   analysis	   employing	   the	   local	  displacement	   strain	   softening	   model	   is	   faster	   than	   the	   nonlocal	   strain	   softening	   analyses,	  although	  it	  is	  only	  a	  50%	  time	  saving	  compared	  to	  the	  RI	  =	  3m	  analyses.	  	  The	  RI	  =	  3m	  analyses	  are	  performed	  in	   just	  over	  50%	  of	  the	  time	  for	  RI=6	  analyses	  and	  70	  to	  80%	  of	  the	  RI	  =	  4.5m	  analyses.	   	   This	   is	   a	   significant	   time	   improvement	   if	   a	   large	   set	   of	   slope	   analyses	   is	   to	   be	  performed.	  	  A	  low	  RI	  value	  should	  be	  employed	  in	  this	  case.	  	  However,	  even	  a	  large	  RI	  of	  6m,	  6	  times	  the	  DL	  value	  provides	  a	  significant	  time	  saving	  of	  around	  90%	  compared	  to	  the	  analysis	  with	  no	  RI,	  Figure	  5.49.	  	  Whilst	  the	  RI	  =	  6m	  analysis	  does	  not	  predict	  the	  same	  result	  as	  the	  no	  RI	  analysis,	  Figure	  5.47(c)	  to	  (d),	  the	  time	  comparison	  of	  the	  analyses	  implies	  that	  use	  of	  a	  larger	  RI	   still	  provides	  a	   large	   time	  saving.	   	   If	   the	   final	  position	  of	   the	  secondary	  slip	   surfaces	   in	   the	  slope	  is	  important,	  a	  RI	  larger	  than	  6	  multiples	  of	  DL	  may	  provide	  the	  required	  result	  and	  would	  still	  provide	  a	  significant	  time	  improvement	  over	  not	  specifying	  an	  RI.	  	  A	   radius	   of	   influence,	   RI	   of	   only	   2	   times	   the	   DL	   value	   did	   alter	   the	   results	   for	   a	   biaxial	  compression	   analysis,	   but	  RI	   of	   3	  multiple	   gave	   very	   similar	   results.	   	   Varying	  RI	   did	   vary	   the	  development	  of	  the	  deeper	  slip	  surface	  formation	  for	  the	  cutting	  slope	  simulations.	  	  The	  value	  of	  RI	   for	   this	   type	   of	   analysis	   should	   be	   selected	   in	   consideration	   of	   the	   importance	   of	   the	  development	  of	  secondary	  slip	  surfaces,	  as	  well	  as	  the	  comparative	  time	  saving	  provided	  by	  the	  RI	  value.	  	  The	  use	  of	  a	  radius	  of	  influence,	  RI	  provides	  a	  considerable	  time	  advantage,	  especially	  for	  boundary	  value	  problems	  in	   finite	  element	  analyses.	   	  Use	  of	   the	  RI	   is	  recommended	  for	  all	  analysis	  types	  employing	  a	  nonlocal	  strain	  softening	  model.	   	  An	  RI	  of	  three	  times	  the	  DL	  value	  should	   provide	   reasonable	   accuracy	   of	   results	   as	   the	   given	   form	   of	   the	   weighting	   function	  implies	   that	   the	  contribution	  of	  strains	  at	   three	  DL	   from	  the	  point	  of	  calculation	   is	  very	  small.	  	  An	  RI	  of	  3m	  will	  be	  used	  for	  the	  slope	  analyses	  with	  a	  DL	  of	  1m	  in	  Chapter	  6	  and	  Chapter	  7.	  
	  
Figure	  5.48	  Comparison	  of	  CPU	  time	  for	  excavated	  slope	  analyses	  with	  varying	  RI	  and	  a	  DL	  of	  1m.	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Figure	   5.49	   Comparison	   of	   time	   for	   slope	   analyses	   to	   be	   performed,	   comparing	   the	   use	   of	   local	   strain	  
softening	  model	  to	  nonlocal	  G&S	  strain	  softening	  model	  and	  selected	  RI	  value.	  (a)	  time	  to	  perform	  excavation	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 Summary	  5.4.The	   nonlocal	   strain	   softening	   constitutive	   model	   makes	   a	   large	   improvement	   on	   the	   mesh	  dependency	   of	   cutting	   analyses	   for	   a	   range	   of	  mesh	   layouts	   and	   element	   sizes.	   	   The	   nonlocal	  analyses	  are	  not	  entirely	  mesh	  independent,	  but	  the	  time	  to	  failure	  and	  horizontal	  displacement	  over	  time	  are	  much	  more	  consistent	  compared	  to	  analyses	  that	  employ	  the	  local	  displacement	  strain	  softening	  constitutive	  model.	   	  The	  positions	  of	  slip	  surfaces	  in	  the	  nonlocal	  analyses	  are	  similar	  and	  their	  variation	  can	  explain	  the	  differences	  in	  the	  horizontal	  displacement	  over	  time	  and	   time	   to	   failure.	   	   The	   nonlocal	   G&S	   strain	   softening	   model	   employed	   in	   these	   analyses	  requires	   the	  specification	  of	  one	  additional	  parameter,	   the	  defined	   length	  DL.	   	   In	  addition,	   the	  optional	  radius	  of	  influence	  parameter,	  RI	  can	  be	  specified	  to	  reduce	  the	  number	  of	  local	  strains	  referenced	  in	  the	  nonlocal	  strain	  calculation	  and	  thus	  increase	  the	  efficiency	  of	  the	  analyses.	  Biaxial	  compression	  and	  slope	  analyses	  were	  performed	  to	  assess	  the	  variation	  of	  the	  nonlocal	  parameters	  and	  select	  suitable	  values	  for	  use	  in	  the	  cutting	  slope	  analyses	  presented	  in	  Chapter	  6	  and	  7.	  	  The	  DL	  parameter	  is	  used	  in	  the	  calculation	  of	  the	  nonlocal	  strain	  to	  define	  the	  width	  and	   height	   of	   the	  weighting	   function.	   	   The	  weighting	   function	   defines	   the	   contribution	   of	   the	  local	  strain	  to	  the	  nonlocal	  strain	  calculation	  depending	  on	  the	  distance	  of	  the	  local	  strain	  from	  the	  calculation	  point.	  	  Values	  of	  nonlocal	  strain	  are	  used	  to	  define	  the	  limits	  of	  peak	  and	  residual	  material	  strength.	  	  The	  chosen	  value	  for	  DL	  therefore	  affects	  the	  strain	  softening	  response	  of	  the	  material.	  	  The	  biaxial	  compression	  and	  slope	  analyses	  both	  demonstrate	  that	  an	  increase	  in	  DL	  reduces	   the	   softening	   rate	   and	   varies	   the	  width	  of	   the	   area	  undergoing	   strain	   softening.	   	   The	  width	  of	  the	  slip	  surface	  is	  not	  directly	  affected	  by	  the	  DL	  value.	  	  The	  change	  in	  strain	  softening	  rate	  could	  account	  for	  the	  observed	  differences	  in	  slip	  surface	  width	  and	  the	  peak	  strain	  values.	  Analyses	  with	   a	   variation	   of	   the	   strength	   parameters	  were	   also	   performed	   to	   verify	   that	   the	  nonlocal	   model	   produces	   the	   expected	   material	   behaviour.	   	   For	   a	   variation	   of	   strength	  parameters	  (c’,	  peak	  and	  residual	  softening	  limits	  and	  the	  dilation	  angle)	  in	  biaxial	  compression	  analyses,	   use	   of	   the	   nonlocal	   strain	   softening	   method	   did	   not	   cause	   a	   variation	   from	   the	  expected	  material	  behaviour.	  	  The	  parametric	  analyses	  of	  strength	  also	  permit	  an	  evaluation	  of	  using	   a	   combination	   of	   the	   strain	   softening	   limits	   and	   the	   chosen	  DL	   to	   achieve	   the	   required	  softening	   rate	   for	   a	   given	   material.	   The	   relationship	   for	   DL	   and	   the	   softening	   range,	   i.e.	   the	  difference	   between	   the	   strain	   softening	   limits,	   was	   found	   to	   not	   be	   linear,	   based	   on	   biaxial	  compression	  and	  excavated	   slope	  analyses.	   	  The	   slope	  analyses	   investigating	   this	   relationship	  also	  showed	  that	  changing	  the	  softening	  limits	  affects	  the	  positions	  of	  the	  slip	  surfaces,	  whereas	  changing	   DL	   to	   control	   softening	   does	   not.	   	   Despite	   the	   use	   of	   a	   softening	   rate	   and	   DL	  manipulation	   being	   favourable,	   as	   it	  would	   permit	   the	   use	   of	   larger	   element	   sizes	  within	   the	  mesh,	  it	  would	  not	  be	  easy	  to	  implement	  without	  affecting	  the	  failure	  mechanism	  of	  the	  slope.	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A	   ratio	   of	   the	   element	   size	   to	   DL	   of	   1	   to	   2	   provided	   the	   most	   consistent	   results	   in	   biaxial	  compression	  and	  slope	  analyses.	  	  This	  ratio	  will	  provide	  sufficient	  local	  strain	  reference	  points	  close	  to	  the	  point	  of	  calculation	  where	  they	  will	  have	  a	  large	  contribution	  to	  the	  nonlocal	  strain	  calculation.	  	  In	  a	  finite	  element	  analysis,	  the	  choice	  of	  mesh	  employed	  should	  be	  a	  compromise	  between	   sufficient	   elements	   to	   provide	   the	   resolution	   of	   detail	   required	   and	   the	   fewest	  elements	   to	   reduce	   the	   numerical	   cost	   of	   the	   analysis.	   	   The	   nonlocal	   strain	   softening	  method	  adds	  a	  further	  constraint	  because	  the	  size	  of	  DL	  will	  dictate	  the	  minimum	  size	  of	  the	  elements	  for	  the	  nonlocal	  method	  to	  be	  effective.	  	  	  The	  DL	  is	  chosen	  to	  create	  a	  realistic	  softening	  rate	  for	  the	  material.	  	  By	  comparing	  the	  nonlocal	  analyses	  to	  the	   local	  percentage	  strain	  results	   in	  a	  biaxial	  compression	  analysis,	  a	  value	  of	  1m	  was	  found	  to	  be	  appropriate	  for	  the	  London	  Clay	  soil	  properties	  input	  in	  the	  constitutive	  model.	  	  This	  value	  of	  DL	  also	  provides	  a	  reasonable	  time	  to	  failure	  for	  the	  London	  Clay	  excavated	  slope.	  	  A	  suitable	  radius	  of	  influence,	  RI	  value	  was	  also	  assessed.	  	  For	  the	  biaxial	  compression	  analyses,	  an	  RI	  of	  3	  multiples	  of	  DL	  was	  found	  to	  provide	  a	  suitable	  compromise	  between	  accuracy	  and	  time	  saving.	  	  When	  applied	  to	  a	  slope	  analysis	  with	  DL=1m,	  the	  RI=3m	  analysis	  took	  5%	  to	  6%	  of	   the	   time	   for	   the	   no	   specified	   RI	   analysis,	   50%	   to	   60%	   of	   the	   RI=6m	   analysis	   and	  approximately	  2	   to	  3	   times	  as	   long	  as	   the	   local	  displacement	  analysis.	   	  The	  RI	  parameter	  was	  found	  to	  have	  an	  effect	  on	  the	  secondary	  slip	  surfaces	  developed	  in	  the	  slope,	  although	  overall	  the	   results	   and	   the	   critical	   slip	   surface	  were	   similar.	   	   An	   RI	   of	   3m	   for	  DL	   =	   1m	  was	   selected	  based	   on	   the	   shorter	   run	   time	   and	   given	   the	   numerous	   parametric	   studies	   of	   cut	   slopes	  prepared	  for	  Chapter	  6	  and	  7.	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Chapter	  6. Factor	   of	   Safety	   Analyses	   modelling	   an	   Excavated	   Slope	   and	  
employing	  the	  Nonlocal	  Strain	  Softening	  Regularisation	  	  
 Introduction	  6.1.It	  was	  proved	  in	  Section	  5.3.4	  that	  a	  DL	  of	  1.0m	  would	  provide	  a	  suitable	  strain	  softening	  rate	  for	  London	  Clay.	  	  This	  value	  for	  DL	  requires	  a	  mesh	  with	  minimum	  element	  sizes	  at	  least	  half	  the	  size	  of	  DL.	   	  Meshes	  with	  appropriate	  element	   sizes	  were	  designed	   for	   the	   three	  mesh	   layouts	  that	   included	  vertical	   stabilisation	  piles,	   but	   this	   results	   in	   a	   greater	  number	  of	   elements	   and	  therefore	  a	  greater	  numerical	  cost	  for	  the	  analyses.	  	  A	  series	  of	  meshes	  were	  created	  varying	  the	  size	  of	  elements	  in	  different	  areas	  of	  the	  excavated	  slope.	  	  An	  appropriate	  compromise	  between	  the	  element	  size	  and	  the	  numerical	  cost	  is	  explored	  in	  this	  chapter	  to	  inform	  the	  choice	  of	  mesh	  for	  the	  pile	  analyses	  presented	  in	  Chapter	  7.	  The	  use	  of	  a	  single	  factor	  of	  safety	  value	  for	  each	  of	  the	  pile	  analyses	  would	  provide	  an	  extra	  tool	  to	  assess	   the	  various	   factors	   influencing	  the	   interaction	  of	   the	  pile	  and	  slope,	   for	  example	  pile	  location	  and	  dimensions.	  	  In	  preparation	  for	  the	  pile	  investigation,	  factor	  of	  safety	  analyses	  were	  performed	   for	   an	   excavated	   slope	   without	   piles.	   	   This	   provided	   an	   opportunity	   to	   further	  investigate	   the	   effects	   of	   element	   discretisation	   with	   and	   without	   nonlocal	   strain	   softening	  regularisation.	   	   The	   factor	   of	   safety	   was	   assessed	   at	   various	   stages	   during	   the	   dissipation	   of	  excess	   pore	   water	   pressures	   in	   the	   excavated	   slope:	   immediately	   after	   excavation	   i.e.	   before	  pore	  water	  dissipation,	  during	  dissipation	  and	  after	  excess	  pore	  water	  pressures	  had	  dissipated.	  	  A	  comparative	  assessment	  of	  the	  factor	  of	  safety	  values	  and	  the	  time	  to	  failure	  for	  each	  analysis	  was	   also	   undertaken	   to	   assess	   the	   validity	   of	   using	   either	   consolidation	   or	   factor	   of	   safety	   to	  evaluate	  slope	  stability.	   	  This	  allowed	  a	  further	  insight	  into	  the	  mesh	  dependence	  of	  the	  strain	  softening	  methods	  and	  the	  effects	  of	  pore	  water	  pressure	  changes.	  	  
 Soil	  Properties	  6.2.Previous	   analyses	   studying	   stiff	   clay	   excavated	   slopes	   or	   cuttings	   have	   employed	   strain	  softening	   soil	   models	   that	   have	   now	   been	   shown	   to	   be	   mesh	   dependent.	   	   The	   analyses	  presented	  in	  this	  Chapter	  will	  employ	  a	  nonlocal	  strain	  softening	  method	  that	  has	  been	  shown	  to	   have	  much	   lower	  mesh	   dependence.	   	   A	   parametric	   study	   of	   how	   soil	   properties	   affect	   the	  development	   of	   failure	   surfaces	   within	   the	   slope	   will	   be	   more	   reliable	   than	   previous	  investigations	   employing	   a	   local	   strain	   softening	  method.	   	   The	   initial	   slope	   stability	   analyses	  presented	  in	  Section	  5.3	  employ	  the	  soil	  properties	  adopted	  in	  the	  investigations	  by	  Kovacevic	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(1994)	  and	  Potts	  et	  al.	  (1997).	  	  The	  new	  mesh	  designed	  to	  incorporate	  vertical	  piles	  within	  the	  slope	  required	  a	  new	  permeability	  profile	  as	  described	  in	  Section	  3.5.3.	  	  This	  profile	  was	  taken	  from	  a	  more	  recent	  investigation	  on	  slope	  stability	  in	  London	  Clay	  (Kovacevic	  et	  al.,	  2007).	  	  This	  investigation	   also	   presented	   alternative	   values	   for	   other	   soil	   properties	   to	   represent	   the	  behaviour	   of	   London	   Clay.	   	   In	   addition	   to	   the	   permeability	   from	   the	   Kovacevic	   et	   al.	   (2007)	  paper,	   the	  other	  soil	  properties	  given	   for	  London	  Clay	  could	  be	  employed	   in	   the	  analyses.	   	  An	  assessment	  of	   the	   influence	  of	  changing	  each	  of	   these	  soil	  properties	   individually	  will	   indicate	  the	  sensitivity	  of	  excavated	  stiff	  clay	  analyses	  to	  the	  chosen	  parameters.	  	  	  These	  analyses	  are	  presented	  in	  Appendix	  A.	  	  They	  employ	  the	  nonlocal	  strain	  softening	  model	  with	  DL	  =	  2.1m	  and	  RI	  =6.3m.	  	  The	  DL	  value	  is	  larger	  than	  the	  recommended	  DL	  of	  1.0m	  for	  an	  appropriate	   London	   Clay	   strain	   softening	   rate	   because	   the	   size	   of	   the	   elements	   in	   the	   mesh	  employed	  are	  larger	  and	  require	  a	   larger	  DL	  value.	   	  The	  mesh	  is	  the	  largest	  elements	  multiple	  pile	  mesh,	  shown	  in	  Figure	  5.25(g)	  and	  Figure	  6.1(a).	  	  The	  elements	  beneath	  the	  slope	  are	  1.2m	  by	   1m	   and	   DL	   should	   be	   at	   least	   twice	   the	   smallest	   element	   dimension	   to	   include	   sufficient	  reference	  strains	  for	  the	  nonlocal	  strain	  calculations,	  as	  discussed	  in	  Chapter	  5.	  	  The	  larger	  value	  for	  DL	  does	  decrease	   the	   rate	   of	   softening	   of	   the	  material,	   extending	   the	   time	   to	   failure	   from	  around	   40	   years	   for	   a	   DL	   of	   1.0	   (Figure	   5.44)	   to	   approximately	   74	   years	   with	   a	   DL	   of	   2.1m	  (multiple	  pile	  location	  mesh,	  1.2m	  in	  Figure	  5.27).	  Analyses	  comparing	  the	  realistic	  London	  Clay	  soil	  properties	  sourced	  from	  previous	  excavated	  slope	  investigation	  resulted	  in	  a	  large	  variation	  of	  results	  in	  terms	  of	  the	  time	  to	  failure,	  strain	  distribution	   and	   slope	   movement.	   	   This	   highlights	   the	   importance	   of	   using	   site-­‐specific	   soil	  properties	   when	   modelling	   a	   specific	   location.	   Each	   soil	   property	   affected	   the	   slope	   in	   a	  different	   way.	   	   The	   impact	   of	   each	   property	   is	   discussed	   in	   detail	   in	   Appendix	   A,	   but	   a	   few	  results	   are	   summarised	   here.	   	   The	   permeability	   greatly	   affects	   the	   time	   to	   failure,	   but	   causes	  very	  little	  change	  in	  strain	  distribution	  at	  failure.	  The	  soil	  strength	  was	  studied	  in	  terms	  of	  the	  dilation	  angle,	  ψ,	  angle	  of	  shearing	  resistance,	  φ’,	  cohesion,	  c’,	  and	  strains	  for	  softening	  limits.	  The	  associated	  analyses	  with	  ψ’	  equal	  to	  φ’,	  led	  to	  an	  unrealistic	  slip	  surface	  width.	  	  This	  confirms	  the	  previously	  made	  recommendation	  (Potts	  et	  al.,	   1997)	   to	   have	   the	   dilation	   angle	   set	   to	   zero,	   especially	   given	   the	   size	   of	   the	   elements	  compared	  to	  the	  real	  slip	  surface	  thickness.	  	  Two	  distinct	  sets	  of	  soil	  strength	  values	  allowed	  an	  assessment	   of	   the	   influence	   of	   the	   rate	   of	   softening	   and	   soil	   strength	   values.	   	   The	   rate	   of	  softening	  affects	   the	   time	   to	   failure	  but	  not	   the	  slip	   surface	  position.	   	  The	  softening	   limits	  are	  often	   difficult	   to	   define	   and	   the	   softening	   rate	   is	   affected	   by	   the	   size	   of	   the	   nonlocal	   DL	  parameter.	  	  This	  is	  therefore	  an	  encouraging	  conclusion	  for	  analyses	  seeking	  to	  model	  a	  realistic	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failure	  mode,	  although	  discouraging	  for	  identifying	  the	  time	  to	  slope	  failure.	  	  The	  values	  for	  soil	  strength	   have	   a	  major	   effect	   on	   both	   slope	   failure	   time	   and	   strain	   distribution.	   	   The	   strain	   is	  affected	  in	  terms	  of	  the	  maximum	  strains	  on	  the	  slip	  surfaces	  and	  the	  width	  of	  the	  slip	  surface.	  	  Defining	  realistic	  and	  appropriate	  soil	  strength	  values	  is	  therefore	  important.	  	  	  The	   soil	   density	   was	   found	   to	   have	   a	   small	   effect	   on	   slope	   displacements	   due	   to	   the	   related	  change	  in	  lateral	  stresses	  caused	  by	  a	  change	  in	  soil	  weight.	  	  The	  overconsolidation	  of	  the	  soil	  is	  specified	  using	   the	   coefficient	   of	   earth	  pressure	   at	   rest,	  K0,	  which	   is	   the	   ratio	  of	   horizontal	   to	  vertical	  stresses.	  	  This	  value	  is	  greater	  than	  1.0	  for	  overconsolidated	  soils.	  	  The	  value	  was	  shown	  to	   affect	   time	   to	   failure	   and	   the	  values	  of	   strain.	   	   This	  was	   true	  whether	   the	   specified	  K0	  was	  constant	  or	  varied	  with	  depth.	   	  The	  position	  of	  the	  slip	  surfaces	  was	  not	  greatly	  changed.	   	  It	   is	  therefore	  important	  to	  model	  K0	  realistically	  if	  assessing	  the	  time	  to	  failure	  is	  important.	  The	   stiffness	   of	   the	   soil	   was	   the	   only	   parameter	   from	   the	   newer	   source	   that	   could	   not	   be	  employed	  for	  investigating	  slope	  failure	  of	  a	  10m	  high	  1	  in	  3	  gradient	  excavated	  slope	  because	  with	   the	   small	   strain	   stiffness	   model	   and	   Heathrow	   values	   the	   slope	   remained	   stable.	   	   The	  original	  Kovacevic	  (1994)	  model	  uses	  a	  linear	  p’	  model	  that	  varies	  the	  Young’s	  Modulus	  with	  p’.	  	  The	  use	   of	   a	   small	   strain	   stiffness	  model	   that	   varied	   stiffness	  with	  p’	   and	   strain	   is	   now	  more	  common.	   	  The	  parameters	   from	   the	  newer	   investigation	   (Kovacevic	  et	   al.,	   2007)	   resulted	   in	  a	  stable	   slope,	   so	   additional	   stiff	   clay	   small	   strain	   stiffness	   data	   sets	   were	   sourced	   (Avgerinos,	  2014;	   Jurečič	  et	  al.,	  2012).	   	  Six	  different	  small	   strain	  stiffness	  profiles	  were	  applied	   to	   try	  and	  find	   appropriate	   values	   that	   result	   in	   slope	   failure	   and	   identify	   the	   reason	   for	   the	   increased	  slope	  stability.	   	  One	  small	  strain	  stiffness	  profile	  did	  result	  in	  slope	  failure	  when	  the	  minimum	  value	  for	  the	  normalised	  shear	  moduli	  was	  reduced	  to	  match	  the	  minimum	  value	  for	  the	  linear	  p’	  model.	  	  When	  imposing	  the	  same	  reduction	  for	  the	  other	  profiles	  the	  slopes	  remained	  stable.	  The	  increased	  stability	  is	  most	  likely	  to	  be	  related	  to	  the	  range	  of	  strains	  over	  which	  reduction	  of	  the	  shear	  moduli	  occurs.	  	  More	  investigation	  of	  an	  appropriate	  small	  strain	  stiffness	  profile	  is	  required,	  so	  it	  is	  recommended	  to	  use	  the	  original	  linear	  p’	  model	  in	  the	  pile	  investigation	  in	  the	  remainder	  of	  this	  chapter	  and	  in	  Chapter	  7.	  	  	  As	   not	   all	   the	   new	   soil	   properties	   from	  Kovacevic	   et	   al.	   (2007)	   can	   be	   implemented	   and	   still	  result	  in	  failure	  of	  the	  slope,	  the	  original	  soil	  properties	  from	  Potts	  et	  al	  (1997)	  will	  be	  used	  in	  the	  remainder	  of	  this	  thesis,	  with	  the	  exception	  of	  the	  permeability	  profile	  k(b)	  from	  Kovacevic	  et	  al.	  (2007).	   	  This	  new	  permeability	  profile	   is	  necessary	  due	  to	  the	  requirements	  of	  the	  mesh	  design	  to	  simulate	  vertical	  stabilisation	  piles.	  	  These	  soil	  properties	  are	  listed	  in	  Table	  6.1.	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Table	  6.1	  Soil	  properties	  for	  London	  Clay	  from	  two	  sources	  simulating	  London	  Clay	  cuttings	  Soil	  Property	   Value	  assigned	  Bulk	  Unit	  weight,	  γ	   18.8kN/m3	  Peak	  strength	  (bulk)	   c’	  =	  7kPa,	  	  	  φ’=20°	  Residual	  strength	   c’	  =	  2kPa,	  φ’=13°	  Plastic	  Strain,	  εD	   peak	  5%,	  	  	  	  	  residual	  20%	  Poisson’s	  ratio,	  μ	   0.2	  Young’s	  modulus,	  E	   25(p’	  +100)	  	  (min	  4000kPa)	  	  	  	  	  	  	  	  where	  p’	  is	  mean	  effective	  stress	  Coefficient	  of	  permeability,	  k	   Nonlinear	  p’	  relationship	  k(b):	  	  See	  Figure	  3.29	  	  k0	  =	  5x10-­‐10m/s,	  b=0.003m2/kN	  	  Coefficient	  of	  Earth	  pressure	  at	  rest,	  K0	   2.0	  (constant	  value	  with	  depth)	  Angle	  of	  dilation,	  ψ	   0°	  
	  
 Mesh	  Discretisation	  of	  the	  Multiple	  Pile	  Mesh	  Layout	  6.3.The	   importance	   of	   the	   size	   and	   distribution	   of	   elements	   within	   the	   mesh	   was	   discussed	   in	  Section	  5.3.1.	  	  For	  four	  distinct	  mesh	  layouts	  with	  varying	  element	  sizes,	  Figure	  5.25,	  there	  was	  a	   variation	   in	   time	   to	   failure,	   Figure	   5.27	   and	   strain	   distribution,	   Figure	   5.28	   and	   5.29.	   	   The	  results	   for	   the	  same	  mesh	   layout	  with	  a	  variation	   in	  element	   size	  provided	  consistent	   results,	  except	  for	  the	  multiple	  pile	   layout	  meshes.	   	  The	  element	  sizes	  in	  these	  two	  meshes	  are	  1.2m	  x	  1m	  or	  1m	  by	  1m	  and	  0.6m	  by	  0.5m	  or	  0.5m	  by	  0.5m	  for	  Figure	  5.25	  (g)	  and	  (h)	  respectively.	  	  For	  the	  analyses	  employing	  the	  nonlocal	  strain	  softening	  model	  in	  that	  investigation,	  a	  DL	  value	  of	  2.1m	  was	   employed.	   	   For	   the	   DL	   of	   1.0m	   recommended	   for	   London	   Clay	   in	   Section	   5.3.4,	   an	  element	  size	  of	  half	  this	  value,	  0.5m	  would	  be	  ideal	  as	  recommended	  in	  Section	  5.3.2.	  	  However,	  the	  increase	  in	  the	  number	  of	  elements	  from	  1460	  for	  the	  1m	  mesh	  to	  5840	  for	  the	  0.5m	  mesh	  (see	   Table	   6.2)	   greatly	   increases	   the	   numerical	   cost	   of	   the	   analysis.	   	   If	   the	   area	   that	   most	  influences	  the	  critical	  slip	  surface	  formation	  can	  be	  identified,	  the	  finer	  discretisation	  could	  be	  applied	  only	   in	  this	  area	  to	  reduce	  the	  numerical	  cost	  of	  the	  analysis.	   	  To	  identify	  the	  cause	  of	  the	   differences	   and	   a	   suitable	   mesh	   to	   be	   employed	   in	   Chapter	   7	   for	   the	   pile	   and	   slope	  investigation	   with	   a	   DL	   of	   1.0m,	   four	   additional	   meshes	   have	   been	   generated.	   	   The	   same	  multiple	   layout	  mesh	   is	   used	  with	   a	   variation	   in	   element	   size	   and	   distribution	   to	   apply	   finer	  discretisation	  in	  different	  areas	  beneath	  the	  excavation.	  	  These	  meshes	  are	  presented	  in	  Figure	  6.1	  and	  the	  variation	  in	  element	  sizes	  is	  listed	  in	  Table	  6.2.	  	  The	  colours	  in	  Figure	  6.1	  correspond	  to	  the	  colours	  employed	  in	  the	  graphs	  presented	  in	  this	  and	  subsequent	  sections.	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6.3.1. Analyses	  employing	  the	  nonlocal	  strain	  softening	  method	  A	   set	   of	   analyses	   was	   performed	   employing	   these	   6	   meshes	   to	   assess	   the	   influence	   of	   the	  variation	  in	  element	  size.	  	  Stiff	  clay	  properties	  from	  Kovacevic	  (1994)	  were	  employed	  except	  for	  the	  k(b)	  profile	  from	  Kovacevic	  et	  al.	  (2007)	  and	  are	  listed	  in	  Table	  6.1.	  	  The	  nonlocal	  G&S	  strain	  softening	  model	   was	   employed	  with	   nonlocal	   parameters,	   DL	   =	   1.0m	   and	   RI	   =	   3.0m.	   	   In	   the	  analyses	  demonstrating	  the	  variation	  of	  results	   for	   the	  multiple	  pile	  mesh	   layout	  presented	   in	  Figure	   5.27,	   a	   DL	   of	   2.1m	   was	   employed,	   increasing	   failure	   time	   compared	   to	   the	   results	  presented	   in	   Figure	   6.2	   for	   the	   largest	   and	   smallest	   elements	   meshes,	   Figure	   6.1(a)	   and	   (b)	  respectively.	   	  For	  a	  DL	  of	  1m,	  the	  analyses	  employing	  the	  two	  meshes	  produce	  the	  fastest	  and	  slowest	  times	  to	  failure,	  38	  and	  85	  years,	  as	  shown	  in	  Figure	  6.2.	   	  The	  remaining	  four	  meshes,	  Figure	  6.1(c)	  to	  (f)	  produce	  failure	  times	  between	  these	  times.	   	  Failure	  time	  is	  defined	  here	  as	  the	  simulated	  time	  up	  to	  the	  completion	  of	  the	  last	  increment	  of	  the	  analysis.	   	  As	  failure	  of	  the	  slope	  is	  approached,	  the	  size	  of	  the	  time	  steps	  is	  reduced	  to	  0.01yr	  and	  the	  analysis	  continues	  until	  an	  increment	  this	  size	  does	  not	  meet	  the	  convergence	  criteria,	  as	  discussed	  in	  Section	  3.3.5.	  	  The	   change	   in	   horizontal	   displacement	   over	   time	   varies	   for	   each	   analysis	   resulting	   in	   a	  displacement	  at	  failure	  of	  0.5m	  for	  the	  three	  shortest	  analyses	  and	  0.6m	  for	  the	  three	  analyses	  with	  the	  longest	  times	  to	  failure.	  	  These	  analyses	  demonstrate	  mesh	  dependent	  results.	  	  
Table	   6.2	   Variation	   of	   element	   sizes	   and	   number	   for	   the	   multiple	   pile	   layout	   meshes	   with	   different	  
discretisations	  
Mesh	  Identification	  
Element	  size	  	  
(width	  to	  height)	  
Number	  of	  
Elements	  
Reference	  in	  Figure	  6.1	  Below	  base	  of	  excavation	   Below	  slope	  of	  excavation	  Largest	  elements	   1m	  x	  1m	   1.2m	  x	  1m	   1460	   (a)	  Smallest	  elements	   0.5m	  x	  0.5m	   0.6m	  x	  0.5m	   5840	   (b)	  Thin	  below	  base	   0.5m	  x	  1m	   1.2m	  x	  1m	   2180	   (c)	  Short	  with	  thin	  below	  base	   0.5m	  x	  0.5m	   1.2m	  x	  0.5m	   3560	   (d)	  Thin	  below	  slope	   1m	  x	  1m	   0.6m	  x	  1m	   2360	   (e)	  Short	  with	  thin	  below	  slope	   1m	  x	  0.5m	   0.6m	  x	  0.5m	   3920	   (f)	  	  To	  identify	  the	  cause	  of	  the	  variation	  of	  50	  years	  in	  time	  to	  slope	  failure,	  the	  strain	  distribution	  in	  these	  analyses	  is	  reviewed.	  	  The	  distribution	  of	  accumulated	  nonlocal	  plastic	  deviatoric	  strain	  at	  failure	  identifies	  the	  zones	  that	  underwent	  strain	  softening,	  presented	  for	  two	  cross	  sections	  in	  Figure	  6.3.	  	  Softening	  begins	  at	  5%	  nonlocal	  plastic	  deviatoric	  strain	  and	  residual	  strength	  is	  applied	   from	   20%	   nonlocal	   plastic	   deviatoric	   strain.	   	   Contours	   of	   accumulated	   local	   plastic	  deviatoric	  strain	  shows	  the	  position	  of	  slip	  surfaces	  of	  both	   the	  critical	  surface	  and	  those	   that	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only	  underwent	  small	  movements,	  Figure	  6.4.	  	  The	  peak	  and	  residual	  nonlocal	  strain	  boundaries	  do	   not	   exactly	   match	   the	   local	   contours,	   but	   the	   development	   of	   large	   strain	   concentrations	  shows	  the	  positions	  of	  slip	  surfaces.	  	  The	  nonlocal	  strain	  distribution	  graphs	  in	  Figure	  6.3	  show	  the	  formation	  of	  two	  major	  slip	  surfaces	  for	  each	  analysis.	  	  This	  is	  confirmed	  by	  the	  local	  strain	  contours	   for	   the	   last	   increment	   of	   each	   analysis,	   shown	   in	   Figure	   6.4.	   	   These	   slip	   surfaces	  develop	  in	  slightly	  different	  places	  and	  to	  different	  extents	  for	  each	  mesh.	  	  The	   deeper	   slip	   surface	   is	   critical	   for	   the	   three	   analyses	   employing	   the	   three	   meshes	   with	  elements	   0.5m	   vertical	   in	   height,	   Figure	   6.1(b),	   (d)	   and	   (f).	   	   These	   three	   analyses	   had	   0.6m	  horizontal	   displacement	   at	   failure	   compared	   to	   0.5m	   for	   the	   remaining	   three	   analyses.	   	   The	  depth	   of	   the	   slip	   surfaces	   in	   each	   of	   the	   deep	   slip	   surface	   analyses	   varies	   slightly,	   Figure	   6.3,	  with	   the	   increase	   in	   slip	   surface	   depth	   corresponding	   to	   the	   analysis	   with	   a	   greater	   time	   to	  failure,	   Figure	   6.2.	   	   The	   shallower	   slip	   surface	   is	   critical	   for	   the	   analyses	   employing	   the	  remaining	   three	  meshes.	   	   There	   is	   a	   variation	   between	   the	   developments	   of	   the	   deeper	   non-­‐critical	   slip	   surfaces	   in	   these	   three	   analyses,	   in	   terms	   of	   position	   and	   relative	   development,	  Figure	  6.3.	  	  This	  variation	  in	  development	  corresponds	  to	  the	  variation	  in	  time	  to	  failure.	  	  These	  differences	  are	  more	  obvious	   in	   the	  contours	  of	   local	  strain	  shown	  for	   these	  three	  analyses	   in	  Figure	  6.4(a),	  (c)	  and	  (e).	  	  This	  plot	  also	  demonstrates	  the	  similarities	  in	  the	  development	  of	  the	  deeper	  slip	  surfaces	  for	  the	  three	  analyses	  in	  Figure	  6.4(b),	  (d)	  and	  (f).	  	  	  
6.3.2. Analyses	  employing	  the	  local	  displacement	  strain	  softening	  method	  The	  slip	  surface	  development	  is	  dependent	  on	  mesh	  discretisation,	  however	  the	  nonlocal	  strain	  softening	  method	  still	  provides	  an	  improvement	  over	  the	  local	  strain	  softening	  model.	   	   	  This	  is	  demonstrated	  by	  the	  results	  from	  6	  analyses	  employing	  the	  meshes	  in	  Figure	  6.1	  and	  the	  local	  displacement	  strain	  softening	  method.	  	  For	  this	  model,	  the	  peak	  strain	  is	  applied	  until	  0.11m	  of	  relative	  displacement	  and	   residual	   strain	  after	  0.45m.	   	  These	  are	   the	   same	  values	  used	   in	   the	  local	  displacement	  slope	  analyses	  presented	   in	  Section	  3.4.4.	   	   	  The	  same	  failure	  criteria	  as	   the	  nonlocal	   analysis	   are	   applied.	   	   As	   slope	   failure	   is	   approached,	   the	   size	   of	   the	   time	   steps	   is	  reduced	  to	  0.01	  years	  and	  the	  analysis	  continues	  until	  an	  increment	  with	  this	  time	  step	  does	  not	  meet	   the	   convergence	   criteria.	   	   The	   results	   for	   the	   variation	   of	   displacement	   over	   time	   are	  presented	   in	   Figure	   6.6	   together	   with	   the	   nonlocal	   results	   for	   the	   same	  meshes.	   	   There	   is	   a	  variation,	   for	   local	   analyses,	   in	   time	   to	   failure	   from	   15	   years	   up	   to	   270	   years	   and	   horizontal	  displacement	  from	  0.35m	  to	  0.85m.	  	  	  The	  relative	  development	  of	  horizontal	  displacement	  prior	  to	  failure	  is	  also	  inconsistent	  for	  all	  the	  local	  analyses	  compared	  to	  the	  nonlocal	  results,	  Figure	  6.6.	  	  The	  local	  strain	  softening	  results	  are	  very	  mesh	  dependent.	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Figure	  6.1	  Mesh	  Index	  for	  6	  multiple	  pile	  layout	  meshes	  with	  a	  variation	  of	  element	  sizes	  as	  defined	  in	  Table	  6.2	  for	  an	  excavated	  slope	  10	  m	  high	  with	  a	  1	  in	  3	  (vertical	  to	  




Figure	  6.2	  The	  influence	  of	  element	  discretisation	  within	  a	  mesh	  layout	  on	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  analyses	  employing	  the	  nonlocal	  G&S	  
strain	  softening	  model	  with	  DL	  =	  1.0m	  and	  RI	  =	  3.0m.	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Largest	  elements	  mesh,	  1m	  element	  size	  Smallest	  elements	  mesh,	  0.5m	  element	  spacing	  Thin	  below	  base,	  0.5m	  vt.	  spacing	  below	  base,	  1m	  hz.	  spacing	  Short	  with	  thin	  below	  base,	  0.5m	  vt.	  spacing	  below	  base,	  0.5m	  hz.	  spacing	  Thin	  below	  slope,	  0.5m	  vt.	  spacing	  below	  slope,	  1m	  hz.	  spacing	  Short	  with	  thin	  below	  slope,	  0.5m	  vt.	  spacing	  below	  slope,	  0.5m	  hz.	  spacing	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Figure	  6.3	  Accumulated	  nonlocal	  strain	  distribution	  at	  failure	  for	  strain	  softening	  analyses	  with	  six	  meshes	  of	  different	  discretisations	  for	  two	  vertical	  cross	  sections	  at	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Accumulated	  Nonlocal	  Plastic	  Deviatoric	  Strain	  
(b)	  





Figure	  6.4	  Accumulated	  local	  plastic	  strain	  contours	  illustrating	  the	  effect	  of	  element	  discretisation	  on	  the	  position	  of	  slip	  surfaces	  at	  failure	  for	  six	  nonlocal	  analyses	  




Figure	  6.5	  Accumulated	  local	  plastic	  strain	  contours	  illustrating	  the	  effect	  of	  element	  discretisation	  on	  the	  strain	  distribution	  after	  excavation	  for	  six	  nonlocal	  analyses	  




Figure	  6.6	  The	  influence	  of	  strain	  softening	  model	  and	  mesh	  discretisation	  on	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  analyses	  employing	  the	  nonlocal	  
G&S	  (DL=1m	  and	  RI=3m)	  and	  local	  displacement	  strain	  softening	  models	  with	  six	  meshes	  of	  varying	  discretisations.	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Figure	  6.7	  Accumulated	  local	  plastic	  strain	  contours	  illustrating	  the	  effect	  of	  element	  discretisation	  on	  the	  strain	  distribution	  at	  failure	  for	  six	  local	  analyses	  with	  meshes	  




Figure	   6.8	   Accumulated	   local	   strain	   distribution	   at	   failure	   for	   nonlocal	   strain	   softening	   analyses	   with	   six	  meshes	   of	   different	   discretisations	   for	   two	   vertical	   cross	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Accumulated	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  Plastic	  Deviatoric	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Figure	  6.9	  Accumulated	  local	  strain	  distribution	  at	  failure	  for	  local	  strain	  softening	  analyses	  with	  six	  meshes	  of	  different	  discretisations	  for	  two	  vertical	  cross	  sections	  at	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6.3.3. Comparison	   of	   analysis	   performance	   time	   for	   nonlocal	   and	   local	   displacement	  
strain	  softening	  method	  The	  nonlocal	  strain	  softening	  method	  offers	  lower	  mesh	  dependence,	  but	  it	  requires	  additional	  numerical	   calculations.	   	   In	   Section	   5.2.1	   and	   5.3.5	   the	   analysis	   runtimes	   were	   compared	   in	  relation	  to	  the	  radius	  of	  influence	  value	  for	  nonlocal	  analysis,	  Figure	  5.5,	  5.44	  and	  5.48,	  and	  one	  local	   slope	   analysis,	   Figure	   5.49.	   	   These	  nonlocal	   slope	   analyses	   required	  more	   time	   than	   the	  local	  analysis	  with	  an	  RI	  of	  3.0m	  and	  a	  DL	  of	  1.0m	  as	  employed	  in	  the	  analyses	  in	  this	  chapter.	  	  The	  numerical	  cost	  was	  an	  increase	  of	  between	  40	  and	  65%	  of	  the	  local	  analysis	  using	  different	  measures	  of	   time,	  Table	  5.5,	  p327.	   	  The	  numerical	   cost	   in	   terms	  of	   the	  performance	   time	  will	  again	  be	  compared	  for	  the	  local	  and	  nonlocal	  strain	  softening	  models.	  	  
Table	  6.3	  Time	  data	  for	  analyses	  employing	  6	  meshes	  with	  either	  the	  nonlocal	  or	  local	  strain	  softening	  model	  	  
Time	  for	  excavation	  
Time	  for	  entire	  analysis	  	   Total	  time	   Total	  /	  increments	  	   (hours	  :	  minutes)	   (CPU	  seconds)	  
Meshes	   Non-­‐	  local	   Local	   NL	   L	   NL	   L	   NL	   L	  Largest	  elements	   00:40	   00:25	   2267	   1347	   8234	   5081	   61	   46	  Smallest	  elements	   11:31	   06:44	   39934	   22805	   139498	   84777	   758	   573	  Thin	  below	  base	  	   01:37	   00:52	   5580	   2883	   14856	   6420	   123	   78	  Short	  with	  thin	  below	  base	   05:19	   03:04	   18460	   10402	   63964	   21980	   372	   305	  Thin	  below	  slope	   01:38	   00:54	   5656	   2991	   18101	   25364	   134	   79	  Short	  with	  thin	  below	  slope	   05:53	   03:31	   20477	   11863	   70294	   31617	   459	   359	  	  The	  number	  of	  elements	  affects	  the	  time	  to	  perform	  each	  increment	  of	  an	  analysis.	  	  The	  analyses	  investigating	  the	  radius	  of	  influence	  employed	  the	  thin	  below	  base	  discretisation	  of	  the	  multiple	  pile	  mesh	  layout	  (See	  Section	  5.3.5).	  	  In	  this	  section,	  six	  different	  meshes	  with	  a	  wide	  variation	  in	   the	  number	  of	  elements	  were	  employed,	  Table	  6.2.	   	  An	   increase	   in	   the	  number	  of	  elements	  will	   increase	  the	  time	  to	  perform	  the	  analysis,	  as	  shown	  in	  Figure	  6.10.	   	  This	  figure	  shows	  the	  time	  in	  both	  real	  time	  and	  CPU	  seconds	  for	  the	  excavation	  phase	  of	  each	  analysis,	  Figure	  6.10(a)	  and	  (b)	  respectively.	  	  They	  both	  show	  a	  linear	  increase	  in	  time	  for	  an	  increase	  in	  the	  number	  of	  elements.	  	  The	  measurement	  of	  real	  time	  can	  be	  affected	  by	  other	  processes	  that	  the	  machine	  is	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performing	   at	   the	   same	   time	   (McDougall	   &	   Mauro,	   2006;	   Brouwer,	   2000),	   as	   discussed	   in	  Section	  5.2.1.	   	  The	  number	  of	  CPU	  seconds	  is	  a	  more	  reliable	  measure	  of	  the	  numerical	  cost	  of	  each	  analysis	  and	  will	  therefore	  be	  used	  to	  compare	  analysis	  time	  performance.	   	  The	  real	  time	  values	  are	  provided	  as	  a	  reference	  to	  put	  the	  CPU	  seconds	  in	  context	  in	  Figure	  6.10(a)	  and	  Table	  6.3.	  	  Time	  data	  is	  available	  at	  the	  completion	  of	  each	  stage.	  	  There	  are	  usually	  four	  stages	  of	  an	  analysis:	   the	   excavation	   stage	   and	   three	   consolidation	   stages	   with	   the	   size	   of	   the	   time	   step	  reduced	   as	   failure	   of	   the	   slope	   is	   approached.	   	   If	   there	   were	   difficulties	   in	   converging	   an	  increment	  prior	  to	  approaching	  slope	  failure,	  the	  size	  of	  the	  incremental	  time	  step	  is	  reduced	  for	  a	  small	  period	  and	  then	  increased	  again	  until	  slope	  failure	  is	  approached.	  	  This	  is	  to	  improve	  the	  efficiency	  of	  the	  analysis	  and	  has	  previously	  been	  discussed	  in	  Section	  3.3.5.	   	  The	  total	  time	  to	  perform	  the	  analysis	  includes	  all	  stages	  required	  to	  reach	  slope	  failure.	  	  
Table	  6.4	  Comparing	  time	  for	  analyses	  employing	  6	  meshes	  with	  either	  the	  nonlocal	  or	  local	  strain	  softening	  










Meshes	   hours	   CPU	  seconds	   Nonlocal	   Local	  Largest	  elements	   63%	   59%	   62%	   74%	   134	   111	  Smallest	  elements	   58%	   57%	   61%	   76%	   184	   148	  Thin	  below	  base	  	   54%	   52%	   43%	   64%	   121	   82	  Short	  with	  thin	  below	  base	   58%	   56%	   34%	   82%	   172	   72	  Thin	  below	  slope	   55%	   53%	   140%	   59%	   135	   321	  Short	  with	  thin	  below	  slope	   60%	   58%	   45%	   78%	   153	   88	  Average	   58%	   56%	   64%	   72%	   	   	  	  The	   times	   for	   local	   and	   nonlocal	   analyses	   are	   compared	   in	   Table	   6.3	   and	   Figure	   6.11.	   	   The	  excavation	   stage	   usually	   involves	   the	   same	   number	   of	   increments	   for	   each	   analysis	   and	   can	  therefore	  provided	  a	  good	  basis	  for	  comparison	  of	  the	  two	  strain	  softening	  methods.	  	  The	  local	  displacement	  strain	  softening	  method	  is	  faster	  than	  the	  nonlocal	  G&S	  method	  for	  the	  excavation	  stage,	   Figure	  6.11(a).	   	   This	   is	   the	   expected	   result,	   as	   the	  nonlocal	  method	   requires	   additional	  calculations.	   	  The	  time	  saving	  when	  employing	  the	  local	  strain	  softening	  method	  is	  shown	  as	  a	  percentage	   of	   the	   corresponding	   nonlocal	   analysis	   in	   Table	   6.4.	   	   	   This	   shows	   that	   for	   the	  excavation	   stage,	   the	   local	   strain	   softening	   method	   requires	   56%	   of	   the	   nonlocal	   time	   on	  
	  	   350	  
average	  for	  CPU	  seconds.	   	  The	  real	  time	  measure	  for	  these	  analyses	  is	  also	  shown	  in	  Table	  6.3	  and	   the	  percentage	  of	   the	  nonlocal	  analyses	   in	  Table	  6.4	  shows	   that	   there	   is	  a	  small	  variation	  between	  these	  two	  time	  measurements.	  	  	  The	   sum	   of	   the	   times	   to	   complete	   all	   stages	   of	   the	   analyses	   are	   presented	   and	   compared	   in	  Figure	  6.11(b).	   	  The	  sequence	  is	  the	  same	  as	  the	  time	  for	  the	  excavation	  stage	  for	  the	  nonlocal	  analyses.	   	   The	   local	   analyses	   however,	   do	   not	   follow	   the	   same	   sequence.	   	   The	   local	   analysis	  employing	  the	  thin	  below	  slope	  analysis	  takes	  more	  time	  than	  the	  short	  with	  thin	  below	  base.	  	  This	  anomaly	  also	  corresponds	  to	  an	  analysis	  with	  a	  far	  greater	  number	  of	  increments,	  321,	  and	  more	  time	  than	  the	  nonlocal	  analysis	  with	  the	  same	  mesh.	   	  The	  local	  analyses	  on	  average	  take	  64%	  of	  the	  time	  of	  the	  nonlocal	  analyses,	  but	  this	  varies	  from	  34%	  to	  140%.	  The	  non-­‐excavation	  stages	  of	   the	  analyses	   require	  different	  numbers	  of	   increments.	   	  The	   first	  consolidation	  (post-­‐excavation)	  stage	  has	  the	  largest	  time	  step,	  1	  year.	  When	  the	  simulated	  time	  to	   slope	   failure	   is	   longer	   it	  will	   result	   in	   a	   larger	   number	   of	   increments	   and	   therefore	   longer	  performance	  time.	  There	  is	  also	  a	  variation	  in	  the	  number	  of	  increments	  for	  the	  last	  two	  stages	  of	  the	  analysis	  that	  depends	  on	  the	  simulated	  time	  to	  failure.	   	  The	  total	  number	  of	   increments	  for	   each	   analysis	   is	   listed	   in	   Table	   6.4.	   	   For	   the	   nonlocal	   analyses	   with	   shallow	   failure	  mechanisms	  and	  therefore	  shorter	  times	  to	  failure,	  134,	  121	  and	  135	  increments	  were	  required.	  	  For	  the	  deeper	  failure	  mechanism	  184,	  172	  and	  153	  increments	  were	  required.	  	  The	  number	  of	  increments	   required	   did	   not	   produce	   the	   same	   sequence	   for	   the	   meshes,	   as	   the	   number	   of	  elements,	  total	  CPU	  time	  or	  simulated	  time	  to	  slope	  failure.	  	  For	  slope	  analyses	  with	  an	  unknown	  simulated	  time	  to	  failure,	  it	  is	  not	  possible	  to	  predict	  the	  number	  of	  increments.	  	  The	  number	  of	  increments	   will	   affect	   the	   total	   time	   to	   failure.	   Normalising	   the	   total	   time	   by	   the	   number	   of	  increments	  will	  provide	  a	  better	  basis	   to	  compare	  the	  numerical	  performance	  of	   the	   local	  and	  nonlocal	  strain	  softening	  methods.	  The	  total	  time	  normalised	  by	  the	  number	  of	  increments	  is	  presented	  in	  Figure	  6.11(c),	  Table	  6.3	  and	   Table	   6.4.	   	   This	   exhibits	   a	   linear	   relationship	   for	   CPU	   time	   and	   the	   number	   of	   elements,	  when	  employing	  either	  the	  local	  or	  nonlocal	  strain	  softening	  models.	  	  There	  is	  also	  less	  variation	  around	   the	   average	   percentage	   of	   the	   nonlocal	   CPU	   time,	   varying	   from	   59%	   to	   82%	  with	   an	  mean	   of	   72%.	   	   The	   results	   for	   the	   thin	   below	   base	  mesh	   also	   presented	   in	   Section	   5.3.5	   are	  below	   average	   results.	   	   The	   nonlocal	   strain	   softening	  model	   increases	   the	   numerical	   cost	   by	  approximately	   one	   third	   on	   average.	   	   The	   numerical	   performance	   of	   the	   nonlocal	   method	   is	  dependent	  on	  the	  chosen	  values	  for	  the	  nonlocal	  parameters	  DL	  and	  RI,	  1m	  and	  3m	  respectively	  in	  this	  case.	  	  The	  effects	  of	  the	  RI	  value	  were	  discussed	  in	  Section	  5.3.5.	  	  The	  time	  measurement	  for	  the	  analyses	  presented	  in	  this	  section	  demonstrates	  that	  the	  increased	  numerical	  cost	  is	  not	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exorbitant.	   	  When	  balanced	  against	  the	  lower	  mesh	  dependency	  and	  the	  improved	  consistency	  of	  results,	  the	  numerical	  cost	  is	  justified	  with	  these	  nonlocal	  parameters	  employed.	  	  
6.3.4. Selection	  of	  mesh	  for	  pile	  analyses	  In	   conclusion,	   the	   use	   of	   the	   nonlocal	   method	   still	   results	   in	   differences	   due	   to	   the	   mesh	  elements	  sizes	  and	  distribution	  for	  a	  DL	  of	  1m	  and	  element	  sizes	  from	  1.2m	  to	  0.5m.	   	  There	  is	  still	   an	   improved	   repeatability	   of	   results	   compared	   to	   the	   local	   method	   in	   terms	   of	   the	  development	  of	   strain	  concentrations,	   slip	  surface	  position	  and	   time	   to	   failure.	  Two	  dominant	  slip	   surfaces	   are	   created	   in	   a	   similar	   position	  with	   all	   the	  nonlocal	   analyses	   and	   slope	   failure	  occurred	   on	   one	   of	   these	   two	   surfaces.	   	   The	   varying	   development	   of	   the	   two	   slip	   surfaces	  resulted	  in	  differences	  in	  the	  time	  to	  failure	  from	  38	  to	  85	  years,	  but	  the	  potential	  mechanisms	  of	  slope	  failure	  were	  similar	  for	  all	  nonlocal	  analyses.	  	  The	  local	  results	  employing	  the	  same	  six	  meshes	  had	  a	   larger	  variation	  of	   slip	  surface	  positions,	   failure	  mechanism	  and	   time	   to	   failure,	  which	   varied	   from	  15	  year	   to	  270	  years.	  There	  was	   also	   alignment	  of	   strain	   concentration	   to	  element	  vertices.	  	  This	  demonstrates	  that	  the	  local	  displacement	  strain	  softening	  method	  is	  not	  appropriate	  to	  employ	  for	  the	  parametric	  pile	  analyses.	  	  	  There	  was	  an	  increase	  in	  the	  numerical	  cost	  of	  approximately	  one	  third	  when	  employing	  a	  DL	  of	  1m	   and	  RI	   of	   3m	   compared	   to	   the	   corresponding	   local	   displacement	   result.	   	   Computer	   times	  were	  compared	  directly	  and	  also	  normalised	  by	  the	  number	  of	  increments	  for	  each	  analysis	  and	  by	  the	  number	  of	  elements,	  in	  order	  to	  directly	  compared	  analyses	  employing	  different	  meshes.	  	  The	   use	   of	   the	   nonlocal	   G&S	   strain	   softening	  model	  will	   be	   appropriate	   for	   the	   pile	   analyses.	  	  From	   these	   six	   nonlocal	   analyses	   it	   is	   difficult	   to	   differentiate	   between	   the	   suitability	   of	   each	  mesh	   for	   the	   parametric	   pile	   analyses,	   except	   to	  mention	   that	   although	   the	   smallest	   element	  mesh	  has	  elements	  half	  the	  size	  of	  DL	  it	  had	  a	  prohibitively	  long	  analysis	  performance	  time	  for	  a	  parametric	  study.	  	  	  Additional	   analyses	   to	   identify	   other	   mesh	   related	   influences	   on	   the	   development	   of	   slip	  surfaces	   are	   presented	   in	   Appendix	   B.	   	   These	   present	   the	   influence	   of	   a	   wider	   base	   for	   the	  excavation	  and	  the	  depth	  of	  excavation	  layers.	  	  These	  analyses	  further	  inform	  the	  choice	  of	  mesh	  to	  be	  employed	  in	  the	  pile	  analyses	  in	  Chapter	  7.	  The	  thin	  below	  base	  mesh	  has	  a	  shorter	  time	  to	  failure	  and	   is	  not	   influence	  by	   the	  wider	  excavation	  base	   (see	  Appendix	  B.1).	   	  The	  number	  of	  elements	   in	   the	   thin	  below	  mesh	  reduces	   the	  numerical	   cost	  of	   the	  analyses,	  whilst	  providing	  elements	  beneath	  the	  base	  with	  a	  width	  that	  is	  half	  the	  DL	  value.	  	  A	  ratio	  of	  element	  size	  to	  DL	  of	  1:2	   was	   shown	   to	   be	   beneficial	   in	   Section	   5.2.2.	   	   The	   failure	  mechanism	   is	   on	   the	   shallower	  surface,	  which	  provides	  two	  potentially	  critical	  slip	  surfaces	  for	  the	  pile	  analyses	  in	  Chapter	  7.	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Figure	   6.10	   A	   comparison	   of	   performance	   time	   for	   nonlocal	   analyses	   employing	   meshes	   with	   different	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Figure	   6.11	  A	   comparison	   of	   performance	   time	   in	   CPU	   seconds	   for	   nonlocal	   and	   local	   analyses	   employing	  
meshes	  with	  different	  element	  discretisations	  (a)	  excavation	  increments	  (b)	  all	  increments	  (c)	  all	  increments	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 Factor	  of	  Safety	  Assessment	  of	  Excavated	  Slope	  Analyses	  6.4.The	  factor	  of	  safety	  is	  a	  value	  that	  can	  be	  used	  to	  indicate	  the	  stability	  of	  the	  slope.	  	  A	  factor	  of	  safety	   value	   for	   a	   slope	   without	   piles	   can	   be	   used	   as	   a	   reference	   to	   indicate	   the	   increased	  stability	  provided	  by	  the	  construction	  of	  piles.	  	  The	  factor	  of	  safety	  is	  also	  an	  important	  part	  of	  current	  EU	  standards	  for	  geotechnical	  design,	  Eurocode	  7	  (Potts	  &	  Zdravković,	  2012).	  	  There	  is	  an	   existing	   implementation	   for	   the	   calculation	   of	   a	   Factor	   of	   Safety	   in	   ICFEP,	   as	   reported	   by	  Potts	   &	   Zdravković	   (2012).	   	   The	   evaluation	   of	   the	   factor	   of	   safety	   is	   discussed	   at	   the	   end	   of	  Section	  3.3.5.	  	  The	  factor	  of	  safety	  can	  be	  evaluated	  in	  drained	  analyses	  employing	  Equations	  (3.14)	  and	  (3.15)	  to	  factor	  soil	  strength.	  	  The	  factor	  of	  safety	  value	  is	  incrementally	  increased	  from	  an	  initial	  value	  of	  1.0	  until	   the	   factored	  strength	  results	   in	  an	  unstable	  slope.	   	   In	  a	  consolidation	  analysis,	   the	  time	  and	  associated	  pore	  pressure	  changes	  are	  stopped	  on	  the	  increment	  prior	  to	  the	  first	  factor	  of	  safety	  increase.	  	  The	  pore	  water	  pressure	  distribution,	  stresses,	  strains	  and	  displacements	  at	  this	   point	   in	   time	   are	   then	   employed	   for	   the	  beginning	  of	   the	   first	   factor	   of	   safety	   increment.	  	  Pore	  pressures	  will	  continue	  to	  respond	  to	  changes	  in	  loading	  and	  soil	  stress,	  but	  will	  not	  have	  a	  time	   related	   response	   and	   therefore	   consolidation	   is	   not	  modelled	  during	   the	   factor	   of	   safety	  stage	  of	  the	  analysis.	  	  The	  soil	  strength	  in	  all	  parts	  of	  the	  mesh	  is	  factored	  by	  the	  change	  in	  the	  factor	   of	   safety	   value.	   	   The	   reduced	   strength	   includes	   the	   soil	   undergoing	   strain	   softening	   as	  defined	   by	   a	   nonlocal	   or	   local	   strain	   softening	   model.	   	   The	   strain	   softening	   behaviour	   and	  influence	  on	  the	  mechanism	  of	  slope	  failure	  continues	  to	  be	  modelled	  as	  the	  factor	  of	  safety	  is	  increased.	  	  	  In	  the	  factor	  of	  safety	  analyses	  presented	  in	  this	  section,	  the	  factor	  value	  is	  initially	  increased	  in	  steps	  of	  0.01,	  then	  0.001	  and	  so	  on.	  	  The	  analysis	  is	  defined	  as	  reaching	  failure	  when	  an	  increase	  in	  the	  factor	  value	  of	  0.00001	  prevents	  the	  convergence	  of	  the	  finite	  element	  equations	  for	  that	  increment.	  	  Failure	  is	  confirmed	  by	  examining	  the	  incremental	  vectors	  of	  displacement	  and	  the	  accumulated	   strain	   contours.	   	   The	   strain	   distributions	   at	   failure	   from	   the	   factor	   of	   safety	  analyses	   can	   be	   directly	   compared	   to	   results	   from	   the	   time	   and	   consolidation	   analyses.	   	   The	  results	  presented	  in	  this	  section	  evaluate	  the	  use	  of	  factor	  of	  safety	  value	  to	  assess	  the	  instability	  of	  slope	  failure	  in	  place	  of	  the	  time	  to	  failure,	  given	  that	  in	  Sections	  5.3	  and	  6.3	  and	  Appendices	  A	  and	  B,	  the	  time	  to	  failure	  has	  been	  shown	  to	  be	  sensitive	  to	  the	  mesh	  and	  the	  soil	  properties.	  The	  influence	  of	  the	  mesh	  discretisation	  on	  the	  factor	  of	  safety	  is	  evaluated	  after	  varying	  periods	  of	  consolidation.	   	  This	  will	  highlight	  the	  influence	  of	  the	  pore	  water	  changes	  on	  the	  stability	  of	  excavated	  slopes.	   	  Finally	  a	  set	  of	  factor	  of	  safety	  analyses	  employing	  the	  local	  strain	  softening	  method	  provide	   further	  evidence	   to	  assess	   the	   lower	  mesh	  dependence	  of	   the	  nonlocal	   strain	  softening	  method.	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6.4.1. 30	  years	  after	  excavation	  with	  nonlocal	  regularisation	  The	  factor	  of	  safety	  was	  evaluated	  for	  the	  analyses	  presented	  in	  Section	  6.3	  that	  employed	  the	  multiple	   pile	  mesh	   layouts	  with	   six	   varying	   element	   discretisations,	   Figure	   6.1.	   	   The	   stresses,	  displacements	  and	  loads	  stored	  after	  each	  increment	  of	  these	  consolidation	  analyses	  were	  used	  as	  the	  input	  for	  the	  factor	  of	  safety	  analyses.	  	  This	  permits	  the	  factor	  of	  safety	  to	  be	  evaluated	  at	  any	  time	  during	  the	  analysis.	   	  The	  results	  presented	   in	   this	  section	  are	   for	   the	   factor	  of	  safety	  with	  30	  years	  of	  consolidation	  after	  excavation	  of	  the	  slope.	  	  The	  lower	  and	  negative	  pore	  water	  pressures	  induced	  by	  the	  excavation	  of	  the	  slope	  slowly	  dissipate	  over	  time,	  Figure	  3.8.	  	  After	  30	  years	   the	   pore	   water	   pressures	   were	   shown	   to	   have	   increased	   considerably	   below	   the	  excavation.	   Although	   a	   steady	   state	   had	   not	   been	   reached,	   Figure	   3.7,	   there	   was	   a	   gradual	  increase	  of	  pore	  water	  pressure	  with	  depth	  and	  subsequent	  changes	  with	  time	  were	  small.	  	  The	  analyses	  in	  this	  section	  employ	  the	  G&S	  nonlocal	  strain	  softening	  method	  with	  a	  DL	  of	  1.0m	  and	  an	  RI	  of	  3.0m.	  In	  Figure	  6.12,	  the	  final	  values	  for	  factor	  of	  safety	  are	  compared	  to	  the	  time	  to	  slope	  failure	  for	  the	  analyses	  presented	   in	  Section	  6.3.1,	   in	  Figure	  6.2.	   	   	   In	   that	   section	   is	  was	   shown	   that	   two	  potential	  slip	  surface	  formed	  and	  the	  longer	  times	  to	  failure	  for	  three	  of	  the	  analyses	  is	  due	  to	  greater	  development	  of	  the	  deeper	  slip	  surface.	   	  In	  Figure	  6.12,	  the	  thinner	  red	  bars	  represent	  the	   factor	  of	  safety	  values	  shown	  on	  the	   left	  axis.	   	  The	  wider	  blue	  bars	  represent	   the	   times	   to	  failure	  shown	  on	  the	  right	  axis.	  	  These	  two	  measures	  of	  the	  stability	  of	  the	  slope	  give	  the	  same	  sequence	  of	   slope	   failure	   for	   the	   six	  meshes.	   	   The	  pattern	  of	   strain	  distribution	   for	   two	   cross	  sections	  is	  shown	  for	  the	  time	  and	  factor	  of	  safety	  analyses	  in	  Figure	  6.13,	  where	  the	  factor	  of	  safety	  analyses	  are	  represented	  by	   the	  double	   lines	  and	   the	  original	   time	  analyses	  by	  a	  single	  solid	   line.	   	   There	   is	   a	   close	  match	   between	   the	   results.	   	   The	   separation	   of	   the	   results	   by	   the	  midslope,	   Figure	   6.14	   and	   by	   the	   base	   cross	   section,	   Figure	   6.15,	   further	   demonstrates	   the	  similarity	   of	   the	   results.	   	   The	   same	   slip	   surface	   is	   produced	   for	   each	  mesh	  whether	   time	   and	  consolidation	   is	   used	   to	   evaluate	   slope	   failure	   or	   the	   factor	   of	   safety	   after	   30years	   of	  consolidation	  is	  calculated.	  The	   factor	  of	  safety	  analysis	  after	  30	  years	  provides	  a	  realistic	   failure	  mechanism	  as	  well	  as	  a	  single	   figure	   to	   represent	   stability.	   	   If	   the	   aim	  of	   the	   analysis	   is	   only	   to	   determine	   the	   failure	  mechanism	  then	  the	  factor	  of	  safety	  method	  can	  be	  employed	  and	  any	  numerical	  improvement	  over	  the	  use	  of	  consolidation	  to	  reach	  failure	  should	  be	  assessed.	   	  The	  difference	  in	  numerical	  cost	  between	  the	  consolidation	  and	  factor	  of	  safety	  analyses	  is	  shown	  in	  Table	  6.5.	  	  As	  discussed	  in	  Section	  6.3.3,	  the	  real	  time	  or	  numerical	  cost	  to	  perform	  an	  analysis	  is	  sensitive	  to	  the	  number	  of	   increments	   required	   to	   reach	   the	   specified	   conditions	   indicating	   the	   slope	   failure.	   	   The	  number	  of	  increments	  that	  is	  required	  for	  each	  stage	  of	  both	  analyses	  is	  therefore	  an	  indication	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of	   the	  numerical	  cost	  of	  each	  analysis,	  without	   the	   influence	  of	   the	  number	  of	  elements	   in	   the	  mesh	  employed.	   	  This	  normalisation	  does	  not	  account	  for	  the	  increased	  number	  of	  increments	  required	   for	   a	   longer	   consolidation	   or	   larger	   factor	   of	   safety.	   	   As	   the	   results	   of	   the	   time	   and	  factors	  analyses	  demonstrate	  the	  same	  level	  of	  stability	  for	  each	  mesh	  employed,	  each	  analysis	  type	  will	  be	  affected	  to	  a	  similar	  extent.	  	  The	  total	  number	  of	  increments	  for	  each	  analysis	  type	  can	  be	  compared	  when	  the	  same	  mesh	  is	  employed,	  i.e.	  across	  the	  rows	  in	  Table	  6.5.	  	  As	  the	  30	  years	  post	  excavation	  occurred	  in	  the	  middle	  of	  a	  stage	  of	  the	  consolidation	  analyses	  and	  direct	  time	  data	  is	  only	  available	  at	  the	  end	  of	  each	  stage,	  a	  comparison	  of	  the	  increments	  is	  the	  only	  available	  comparison	  without	  repeating	  all	  the	  analyses.	  	  
Table	   6.5	   A	   comparison	   of	   the	   number	   of	   increments	   required	   for	   each	   of	   the	   factor	   of	   safety	   and	  
consolidation	   analyses,	   not	   including	   the	   increments	   required	   for	   the	   first	   30	   years	   of	   consolidation	   and	  
excavation	  of	  the	  slope.	  	   Incremental	  time	  step	  
(years)	   Incremental	  Factor	  of	  Safety	  increase	  
Meshes	   1.0	   0.1	   0.01	   Total	   0.01	   0.001	   0.0001	   0.00001	   Total	  All	   without	  0.00001	  Largest	  elements	   6	   38	   29	   73	   0	   15	   22	   44	   81	   37	  Smallest	  elements	   54	   31	   38	   123	   8	   55	   118	   1	   182	   181	  Thin	  below	  base	   10	   24	   26	   60	   0	   15	   33	   47	   95	   48	  Short	  with	  thin	  below	  base	   50	   25	   36	   111	   7	   74	   32	   44	   157	   113	  Thin	  below	  slope	   17	   24	   33	   74	   0	   39	   41	   39	   119	   80	  Short	  with	  thin	  below	  slope	   37	   21	   34	   92	   7	   50	   31	   69	   157	   88	  	  As	  shown	  in	  Table	  6.5,	  the	  factor	  of	  safety	  analyses	  required	  a	  larger	  total	  number	  of	  increments	  for	   every	  mesh	   compared	   to	   the	   consolidation	   analyses,	   although	  no	   effort	   has	   been	  made	   to	  optimise	  the	  number	  of	  increments.	  	  The	  analyses	  with	  a	  greater	  time	  to	  slope	  failure	  required	  a	  greater	  number	  of	  increments	  for	  the	  factor	  of	  safety	  analyses,	  as	  expected,	  although	  there	  was	  no	  relation	  in	  terms	  of	  a	  percentage	  increase	  in	  number	  of	  increments	  or	  order	  according	  to	  the	  final	  value	  for	  the	  factor	  of	  safety.	  	  If	  the	  failure	  conditions	  for	  the	  factor	  of	  safety	  analysis	  were	  relaxed	  to	  convergence	  of	  a	  0.0001	  step,	  the	  final	  column	  in	  Table	  6.5	  shows	  that	  the	  number	  of	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Figure	  6.12	  A	  comparison	  of	  measures	  of	  stability	  for	  two	  types	  of	  analyses	  employing	  6	  meshes	  of	  different	  discretisations.	  	  Showing	  the	  time	  to	  failure	  for	  consolidation	  
analyses	  and	  Factor	  of	  Safety	  value	  evaluated	  after	  30	  years	  of	  consolidation.	  	  



































	   	  
Figure	  6.13	  Accumulated	  nonlocal	  strain	  distribution	  at	  failure	  for	  strain	  softening	  analyses	  using	  consolidation	  and	  factor	  of	  safety	  to	  identify	  failure.	   	  Employing	  six	  





































Accumulated	  	  Nonlocal	  Plastic	  Deviatoric	  Strain	  
(a)	  
	  	  	  1	  	  	  	  	  	  2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  





































Accumulated	  Nonlocal	  Plastic	  Deviatoric	  Strain	  
(b)	  




	   	  
Figure	  6.14	  Accumulated	  nonlocal	  strain	  distribution	  at	   failure	   for	  strain	  softening	  analyses	  with	  six	  meshes	  of	  different	  discretisations	   for	  a	  vertical	  cross	  section	  at	  







































Accumulated	  Nonlocal	  Plastic	  Deviatoric	  Strain	  
(a)	  
Largest	  elements	  Smallest	  elements	  Thin	  below	  base	  Short	  with	  thin	  below	  base	  Thin	  below	  slope	  Short	  with	  thin	  below	  slope	  







































Accumulated	  Nonlocal	  Plastic	  Deviatoric	  Strain	  
(b)	  
Largest	  elements,	  FoS	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Figure	  6.15	  Accumulated	  nonlocal	  strain	  distribution	  at	  failure	  for	  strain	  softening	  analyses	  with	  six	  meshes	  of	  different	  discretisations	  for	  a	  vertical	  cross	  section	  at	  the	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6.4.2. After	  various	  periods	  of	  consolidation	  with	  nonlocal	  strain	  regularisation	  In	  the	  previous	  section,	  the	  factor	  of	  safety	  was	  evaluated	  for	  a	  pore	  water	  pressure	  and	  stress	  distribution	  30	   years	   after	   slope	  was	   excavated	   and	   therefore	   after	   30	   years	   of	   consolidation	  had	   occurred.	   	   The	   factor	   of	   safety	   results	   are	   comparable	   to	   each	   other	   because	   the	   same	  period	   of	   consolidation	   should	   lead	   to	   the	   same	   changes	   in	   pore	  water	   pressures.	   	   The	   pore	  water	  pressure	   changes	   caused	  by	  excavation	  of	   the	   slope	  and	   their	   subsequent	   equilibration	  over	  several	  decades	  were	  discussed	  in	  Sections	  2.2.3	  and	  3.3.1	  and	  shown	  in	  Figure	  3.7.	   	   	  The	  excavation	   lowers	   the	  pore	  water	  pressures	   in	   the	   surrounding	   soil.	   	  The	   low	  permeability	  of	  the	   clay	  means	   a	   long	   time	   is	   required	   for	   the	   pore	  water	   pressures	   to	   reach	   a	   steady	   state.	  	  Within	  30	  years,	   the	   low	  permeability	  of	   the	  soil	  does	  not	  permit	   the	  pore	  water	  pressures	  to	  reach	   a	   steady	   state,	   but	   as	   shown	   in	   Figure	   3.7	   the	   negative	   pore	   water	   pressures	   have	  dissipated.	  	  As	  the	  depressed	  pore	  water	  pressures	  increase	  with	  time,	  the	  stability	  of	  the	  slope	  decreases,	  as	  shown	  in	  the	  illustration	  Figure	  2.7.	  	  The	  reduced	  stability	  of	  the	  slope	  should	  be	  reflected	   by	   a	   change	   in	   the	   value	   for	   the	   factor	   of	   safety.	   	   This	   section	   will	   investigate	   the	  impact	  of	  the	  size	  of	  the	  period	  of	  consolidation	  modelled	  on	  the	  factor	  of	  safety	  value.	  	  	  By	  stopping	  the	  time	  and	  consolidation	  after	  different	  time	  periods	  and	  evaluating	  the	  factor	  of	  safety,	   or	   reduction	   in	   soil	   strength	   required	   for	   failure	   to	   occur,	   these	   analyses	   will	  demonstrate	   the	   importance	  of	   evaluating	   the	   long-­‐term	  stability	  of	   an	  excavated	   slope.	   	  This	  work	   will	   also	   provide	   comparison	   values	   for	   the	   stabilisation	   pile	   analyses	   in	   Section	   7.6,	  where	   the	  construction	  of	   the	  pile	   is	  modelled	  at	  different	   times	  after	  excavation	  of	   the	  slope.	  The	   factor	   of	   safety	  will	   be	   evaluated	   at	   10-­‐year	   intervals	   after	   excavation	  until	   failure	  of	   the	  slope	   has	   occurred.	   	   As	   with	   the	   previous	   section,	   the	   nonlocal	   strain	   softening	   model	   is	  employed	  with	  a	  DL	  =	  1.0m	  and	  a	  RI	  =	  3.0m.	  	  The	  strain	  softening	  behaviour	  is	  modelled	  during	  both	  the	  consolidation	  and	  factor	  of	  safety	  stages	  of	  the	  analysis.	  The	   factor	  of	   safety	  analyses	  presented	   in	   the	  previous	   section,	   Section	  6.4.1	  were	  performed	  after	   30	   years	   of	   consolidation.	   These	   analyses	   repeated	   the	   outcome	   of	   the	   consolidation	  results	  in	  Section	  6.3.1	  with	  the	  formation	  of	  two	  slip	  surfaces	  with	  either	  the	  shallow	  or	  deep	  slip	   surface	  becoming	  dominant	  depending	  on	   the	  discretisation	  of	   the	  elements.	   	  Up	   to	  eight	  additional	  analyses	  are	  required	  to	  evaluate	  the	  factor	  of	  safety	  at	  10-­‐year	  intervals,	  depending	  on	  the	  failure	  time	  for	  the	  consolidation	  analysis.	   	  Instead	  of	  performing	  the	  time	  and	  factor	  of	  safety	   analyses	   for	   all	   six	   meshes,	   two	   meshes	   are	   chosen	   to	   represent	   the	   two	   failure	  mechanisms;	   one	  with	   a	   shallow	   slip	   surface	   failure	   and	   one	  with	   a	   deep	   slip	   surface	   failure.	  	  These	  are	   the	   thin	  below	  base	  and	   short	  with	   thin	  below	  base	  meshes,	  Figure	  6.1	   (c)	   and	   (d)	  respectively.	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For	   the	   thin	   below	   base	  mesh,	   the	   shallow	   slip	   surface	  was	   critical	   in	   the	   consolidation	   until	  failure	   analysis.	   	   With	   a	   time	   to	   slope	   failure	   of	   40.46	   years,	   four	   additional	   analyses	   were	  required	   to	  assess	   the	   factor	  of	   safety	  at	  10-­‐year	   intervals	  and	  after	  excavation.	   	  Two	  vertical	  cross	  sections	  in	  Figure	  6.16	  show	  the	  accumulated	  plastic	  strain	  distribution	  at	  the	  end	  of	  the	  five	   factor	   of	   safety	   analyses	   employing	   this	   mesh,	   including	   the	   30	   year	   analysis	   from	   the	  previous	  section.	  	  When	  a	  different	  period	  of	  consolidation	  is	  permitted,	  the	  strain	  distribution	  and	  therefore	  the	   failure	  mechanisms	  vary.	   	  The	  pore	  water	  pressure	  distributions	  after	  these	  different	  periods	  of	  consolidation,	  before	  the	  factor	  of	  safety	  is	  evaluated,	  are	  shown	  in	  Figure	  6.17.	  	  The	  pore	  water	  pressure	  distribution	  immediately	  after	  excavation	  is	  very	  different	  to	  the	  other	  porewater	  pressure	  distributions.	  The	  distribution	   after	  10	  years	   is	   still	   quite	  different.	  The	  pore	  water	  pressure	  distribution	  after	  20	  years	  is	  closer	  to	  the	  30	  and	  40	  years,	  which	  are	  very	   similar.	   	   These	   variations	   in	   the	   pore	   water	   pressure	   distributions	   for	   each	   analysis	   in	  Figure	   6.17	   reflects	   the	   similarity	   or	   difference	   between	   analyses	   shown	   in	   the	   strain	  distributions	  in	  Figure	  6.16.	  	  When	  the	  factor	  of	  safety	  is	  evaluated	  immediately	  after	  excavation,	  just	  one	  slip	  surface	  forms.	  	  The	   excavation	   takes	   place	   over	   0.25	   years	   and	   therefore	   negligible	   pore	   water	   pressure	  redistribution	   has	   occurred.	   	   The	   after	   excavation	   analysis	   uses	   the	   smallest	   period	   of	  consolidation	  of	  the	  factor	  of	  safety	  analyses.	  	  For	  all	  the	  other	  analyses	  with	  different	  periods	  of	  consolidation,	  two	  slip	  surfaces	  form,	  Figure	  6.16.	  	  After	  10	  years	  of	  consolidation	  the	  lower	  slip	  surface	  that	  forms	  is	  the	  deepest	  in	  this	  set	  of	  analyses.	  	  The	  20	  years	  analysis	  produces	  a	  closer	  vertical	  position	  of	  the	  two	  slip	  surfaces	  at	  the	  base	  and	  midslope,	  Figure	  6.16.	  	  The	  30	  and	  40	  years	  analyses	  give	  almost	  identical	  results,	  which	  are	  similar	  to	  the	  20	  year	  results.	  	  The	  strain	  contours	  in	  Figure	  6.18	  permit	  a	  visual	  comparison	  of	  the	  change	  in	  failure	  mechanism	  for	  the	  five	  factor	  of	  safety	  analyses	  and	  the	  consolidation	  analysis,	  Figure	  6.18(f).	  	  These	  plots	  further	  demonstrate	  that	  the	  after	  excavation	  and	  10	  years	  consolidation	  analyses	  give	  different	  failure	  mechanisms.	   	   The	  20	   years	   consolidation	   analysis	   is	   a	   little	   different	   to	   the	   full	   consolidation	  analysis	  with	  a	  slightly	  shallower	  lower	  slip	  surface,	  Figure	  6.18(c)	  to	  (f).	  	  This	  outcome	  for	  the	  20	   years	   analysis	   is	   easier	   to	   identify	   on	   the	   strain	   cross	   sections,	   Figure	   6.16,	   where	  minor	  differences	  in	  strain	  distribution	  are	  more	  obvious.	  	  The	  strain	  distribution	  for	  the	  30	  years	  and	  40	  years	  factor	  of	  safety	  analyses	  are	  similar	  in	  all	  areas	  of	  the	  slope	  and	  also	  reflect	  the	  strain	  distribution	  for	  the	  consolidation	  analysis,	  Figure	  6.18(d),	  (e)	  and	  (f).	  In	  Section	  6.4.1,	  the	  value	  obtained	  for	  each	  factor	  of	  safety	  analysis	  after	  30	  years	  consolidation	  reflected	   the	   time	   to	   failure	   for	   each	   mesh	   in	   the	   consolidation	   analyses,	   which	   in	   turn	   was	  related	  to	  the	  different	  development	  of	  slip	  surfaces.	   	  It	  is	  therefore	  expected	  that	  the	  factor	  of	  safety	   will	   reflect	   the	   different	   failure	   mechanisms	   found	   for	   each	   analysis.	   	   As	   further	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consolidation	   is	   permitted	   greater	   dissipation	   of	   excess	   pore	  water	   pressures	   occurs	   and	   the	  stability	  of	  the	  slope	  will	  reduce.	  	  The	  remaining	  time	  to	  failure	  will	  therefore	  also	  influence	  the	  factor	  of	  safety	  value	  as	  the	  slip	  surface	  will	  be	  closer	  to	  failure	  and	  require	  less	  of	  a	  reduction	  in	  strength	  to	  fail.	  	  The	  values	  for	  each	  factor	  of	  safety	  analysis	  are	  compared	  to	  the	  remaining	  time	  to	  failure	  in	  the	  consolidation	  analysis	  when	  the	  factor	  of	  safety	  is	  assessed.	  	  This	  is	  presented	  in	  two	  figures,	  Figure	  6.19	  for	  the	  analyses	  employing	  the	  thin	  below	  base	  mesh	  and	  Figure	  6.20	  for	   the	   analyses	   employing	   the	   short	   with	   thin	   below	   base	   mesh.	   	   The	   red	   blocks	   represent	  values	  for	  the	  factor	  of	  safety	  and	  the	  blue	  blocks	  represent	  the	  remaining	  times	  to	  failure.	   	  As	  the	  remaining	  time	  to	  failure	  reduces,	  the	  factor	  of	  safety	  value	  reduces,	  although	  this	  reduction	  is	  not	  linear	  in	  either	  case.	  	  This	  nonlinear	  change	  is	  most	  likely	  a	  reflection	  of	  the	  interaction	  of	  two	  factors;	  the	  change	  in	  the	  failure	  mechanisms	  and	  the	  more	  developed	  slip	  surface	  with	  an	  increase	  in	  permitted	  consolidation	  time.	  	  	  For	   the	   analyses	   employing	   the	   thin	  below	  base	  mesh,	   Figure	  6.19,	   the	   relative	   change	   in	   the	  factor	   of	   safety	   for	   the	   first	   three	   analyses	   is	   almost	   constant,	   a	   linear	   relationship.	   	   The	  reduction	  in	  the	  factor	  of	  safety	  then	  reduces	  between	  the	  20,	  30	  and	  40	  years	  analyses.	  	  For	  the	  analyses	   employing	   the	   short	   with	   thin	   below	   base	   mesh,	   Figure	   6.20,	   the	   relative	   change	  between	   the	   first	   two	   analyses	   for	   the	   factor	   of	   safety	   is	   much	   greater	   than	   the	   difference	  between	  the	  other	  analyses	  when	  considered	  in	  order	  of	  the	  consolidation	  time	  permitted.	  	  This	  suggests	   that	   the	   mechanism	   for	   the	   analyses	   with	   this	   mesh	   will	   be	   similar	   except	   for	   the	  analysis	  where	  the	  factor	  of	  safety	  is	  evaluated	  immediately	  after	  excavation.	  	  	  This	   is	   confirmed	   by	   the	   positions	   of	   the	   slip	   surfaces,	   identified	   by	   the	   location	   of	   the	   high	  strain	  values	  for	  the	  strain	  distributions	  for	  two	  cross	  sections	  shown	  in	  Figure	  6.21.	  	  The	  pore	  water	  pressure	  distribution	  after	  the	  various	  periods	  of	  consolidation	  for	  this	  mesh	  is	  shown	  in	  Figure	  6.22.	  	  The	  pore	  water	  pressure	  and	  strain	  distributions	  immediately	  post	  excavation	  are	  very	  different	   to	   the	  distributions	  after	  varying	  periods	  of	  consolidation.	   	  A	  single	  slip	  surface	  forms	  across	  both	  cross	  sections	  for	  the	  analysis	  with	  a	  factor	  of	  safety	  evaluation	  immediately	  after	   excavation.	   	   The	   other	   analyses	   all	   form	   two	   slip	   surfaces	   with	   the	   deeper	   slip	   surface	  being	  more	  critical.	  	  Apart	  from	  the	  after	  excavation	  analysis,	  the	  differences	  are	  small	  between	  the	  analyses	  for	  the	  base	  cross	  section,	  Figure	  6.21(a)	  and	  Figure	  6.22(a).	  	  There	  is	  some	  change	  in	   the	   maximum	   strain	   values	   in	   this	   critical	   slip	   surface	   and	   in	   the	   shallow	   pore	   water	  pressures	  up	  until	  the	  40	  years	  consolidation	  analysis.	  	  The	  position	  of	  the	  maximum	  strain	  for	  the	  midslope	   cross	   section	   is	   different	   for	   the	   analyses	  with	   less	   than	   40	   years	   consolidation	  compared	  to	  those	  with	  more,	  Figure	  6.21(b).	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Figure	  6.17	  Pore	  pressure	  distribution	  for	  two	  cross	  sections	  after	  different	  periods	  of	  consolidation	  and	  employing	  the	  thin	  below	  base	  mesh,	  showing	  the	  pore	  water	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Figure	  6.18	  Accumulated	  local	  plastic	  strain	  contours	  illustrating	  the	  effect	  of	  different	  periods	  of	  consolidation	  on	  the	  position	  of	  the	  strain	  distribution	  at	  failure	  for	  




Figure	   6.19	  A	   comparison	   of	   the	   factor	   of	   safety	   analyses	   employing	   the	   thin	   below	  base	   analysis	  with	   different	   periods	   of	   consolidation	   before	   the	   factor	   of	   safety	  
evaluation.	  Showing	  the	  remaining	  consolidation	  time	  to	  failure	  for	  consolidation	  analyses	  and	  the	  factor	  of	  safety	  value.	  




































Figure	  6.20	  A	  comparison	  of	  the	  factor	  of	  safety	  analyses	  employing	  the	  short	  with	  thin	  below	  base	  analysis	  with	  different	  periods	  of	  consolidation	  before	  the	  factor	  of	  
safety	  evaluation.	  Showing	  the	  remaining	  consolidation	  time	  to	  failure	  for	  consolidation	  analyses	  and	  the	  factor	  of	  safety	  value.	  




































Figure	  6.21	  Accumulated	  nonlocal	  strain	  distribution	  at	  failure	  of	  slope	  for	  factor	  of	  safety	  analyses	  with	  different	  periods	  of	  consolidation	  and	  employing	  the	  short	  with	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Figure	  6.22	  Pore	  pressure	  distribution	  for	  two	  cross	  sections	  after	  different	  periods	  of	  consolidation	  and	  employing	  the	  short	  with	  thin	  below	  base	  mesh,	  showing	  the	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Figure	  6.23	  Accumulated	  local	  plastic	  strain	  contours	  illustrating	  the	  effect	  of	  different	  periods	  of	  consolidation	  on	  the	  position	  of	  the	  strain	  distribution	  at	  failure	  for	  
factor	  of	  safety	  analyses	  employing	  the	  short	  with	  thin	  below	  base	  mesh	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Other	  very	  minor	  differences	  are	  easier	  to	  identify	  from	  the	  plot	  of	  strain	  contours	  presented	  in	  Figure	  6.23.	  	  To	  compare	  the	  results	  of	  nine	  analyses	  in	  this	  one	  figure,	  only	  the	  left	  hand	  side	  of	  the	   plots	   are	   shown,	   the	   right	   hand	   side	  would	   show	   very	   small	   irrelevant	   strains.	   	   The	   post	  excavation	  analysis	  again	  demonstrates	  a	  different	  result,	  Figure	  6.23(a),	  which	  is	  similar	  to	  the	  post	   excavation	   result	   for	   the	   other	  mesh,	   Figure	   6.18(a).	   	   The	   results	   for	   10	   to	   40	   years	   of	  consolidation	  form	  strain	  distributions,	  which	  from	  a	  visual	  inspection	  are	  very	  similar,	  Figure	  6.23(b)	  to	  (e).	   	  There	  is	  however	  a	  minor	  difference	  in	  the	  area	  between	  the	  shallow	  and	  deep	  slip	  surfaces.	  	  There	  is	  an	  increase	  in	  the	  strain	  shown	  by	  the	  different	  shapes	  made	  by	  the	  2%	  strain	  contours	  in	  this	  region.	  	  The	  analyses	  permitting	  50	  to	  70	  years	  of	  consolidation	  prior	  to	  evaluating	  the	  factor	  of	  safety	  are	  almost	  indistinguishable	  from	  the	  consolidation	  until	   failure	  analysis,	  Figure	  6.23(f)	  to	  (h)	  and	  (i).	  In	   Figure	   6.20,	   a	   factor	   of	   safety	   of	   1.0	   is	   shown	   for	   an	   analysis	  with	   80	   years	   consolidation,	  which	   is	  0.64	  years	  before	   the	   slope	   failure	  was	   identified	   for	   the	  analysis	  with	   consolidation	  until	   failure.	   	   No	   results	   for	   this	   analysis	   are	   shown	   in	   Figure	   6.23.	   	   It	   was	   not	   possible	   to	  converge	  a	  single	  increment	  of	  the	  factor	  of	  safety	  analysis	  after	  80	  years	  of	  consolidation,	  even	  when	   the	   incremental	   increase	   in	   the	   factor	   of	   safety	  was	   further	   reduced	   to	  0.000001.	   	   This	  value	  of	  1.0	  indicates	  that	  the	  slope	  was	  unstable	  by	  this	  point	  in	  the	  analysis.	  	  No	  reduction	  in	  strength	  by	   the	   factor	  of	   safety	  method	  was	   required	   to	   trigger	   slope	   failure	   as	   sufficient	   slip	  surface	  development	  and	  strength	  reduction	  due	  to	  strain	  softening	  had	  already	  occurred.	  	  The	  analysis	  employing	  the	  thin	  below	  base	  mesh,	  with	  the	  largest	  consolidation	  period	  before	  the	  factor	   of	   safety	   was	   evaluated,	   permitted	   40	   years	   of	   consolidation	   prior	   to	   evaluation.	   	   The	  factor	  of	  safety	  evaluation	  for	  this	  analysis	  is	  also	  less	  than	  a	  year	  before	  the	  slope	  failure	  was	  identified	  for	  the	  analysis	  employing	  the	  same	  mesh	  with	  consolidation	  until	  failure.	  	  However,	  several	   increments	  with	  a	   increase	   in	  the	  factor	  of	  safety	  value	  did	  converge	  and	  resulted	  in	  a	  factor	  of	  safety	  very	  slightly	  above	  1.0.	  	  This	  could	  indicate	  it	  is	  not	  the	  absolute	  time	  remaining	  that	  affects	  the	  factor	  of	  safety	  value.	  	  These	   analyses	  demonstrate	   that	   the	  period	  of	   consolidation	   affects	   the	   factor	   of	   safety	   value	  and	   in	   some	   cases	   the	   mechanism.	   	   This	   value	   then	   reduces	   with	   the	   increasing	   period	   of	  consolidation	  permitted	  prior	  to	  the	  factor	  of	  safety	  evaluation.	   	  The	  reduction	  in	  the	  factor	  of	  safety	   can	   be	   attributed	   to	   changes	   in	   the	   pore	  water	   pressure	   due	   to	   consolidation	   and	   the	  advancing	  development	  of	  slip	  surfaces	  (high	  strain	  concentrations)	  with	  time.	  	  Strain	  softening	  behaviour	   is	   included	   in	   both	   the	   time	   and	   factor	   of	   safety	   parts	   of	   the	   analyses,	   however	  starting	  the	  factor	  of	  safety	  assessment	  after	  a	  longer	  period	  of	  time	  and	  therefore	  consolidation	  provides	  a	  starting	  point	  with	  a	  more	  developed	  slip	  surface.	   	  The	  strain	  distribution	  and	   slip	  surfaces	  are	  closer	  to	  the	  strain	  distribution	  of	  the	  critical	  slip	  surface	  with	  increased	  portions	  of	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the	  soil	  undergoing	  a	  reduction	  in	  strength	  or	  at	  residual	  strength.	  	  The	  factor	  of	  safety	  analysis	  then	  requires	  a	  smaller	   increase	   in	   the	   factor	  of	   safety	  value	   to	  progress	   the	  analysis	   to	  slope	  failure.	  	  It	  is	  difficult	  to	  define	  a	  single	  factor	  of	  safety	  value	  for	  a	  stiff	  clay	  cut	  slope.	   	  A	  factor	  of	  safety	  value	  greater	   than	  1.0	  could	  be	  misleading	  as	   the	  slope	   is	  not	  necessarily	  permanently	  stable.	  	  Slope	   failure	   could	   eventually	   occur	   due	   to	   continued	   consolidation	   and	   a	   reduction	   in	   soil	  strength	  caused	  by	  strain	  softening.	  	  For	  the	  case	  of	  an	  excavated	  slope,	  an	  analysis	  resulting	  in	  a	  factor	  of	  safety	  greater	  than	  one	  could	  provide	  an	  indication	  of	  the	  remaining	  time	  to	  failure	  if	  the	   effects	   of	   either	   pore	  water	   pressure	   equilibration	   or	   the	   contribution	   of	   strain	   softening	  could	  be	  separated	  and	  quantified.	  	  The	  highest	  value	  for	  the	  factor	  of	  safety	  is	  immediately	  after	  excavation.	  	  The	  reduction	  in	  the	  value	  was	  then	  shown	  to	  be	  nonlinear	  with	  time	  in	  Figure	  6.19	  and	  Figure	  6.20.	   	  The	  patterns	  of	  factor	  of	  safety	  reduction	  were	  not	  comparable	  to	  each	  other	  due	   to	   the	   different	   times	   to	   failure	   for	   the	   consolidation	   analyses	   of	   40.46	   years	   and	   80.66	  years.	  	  To	  directly	  compare	  the	  results	  of	  the	  two	  sets	  of	  analyses,	  the	  remaining	  time	  to	  failure	  of	  the	  consolidation	  analysis	  is	  normalised	  by	  the	  total	  time	  for	  the	  full	  consolidation	  analysis	  to	  reach	   slope	   failure.	   	   For	   the	   analysis	   with	   factor	   of	   safety	   evaluated	   immediately	   after	  excavation	   100%	   of	   the	   consolidation	   time	   remains.	   	   The	   analyses	   around	   50%	   of	   the	  consolidation	   time	  remaining	  have	  a	   consolidation	  period	  of	  20	  years	   for	   the	   thin	  below	  base	  mesh	  and	  40	  years	  for	  the	  short	  with	  thin	  below	  base	  mesh.	  	  The	  factor	  of	  safety	  and	  percentage	  of	  remaining	  consolidation	  time	  are	  plotted	  for	  these	  two	  sets	  of	  analyses	  in	  Figure	  6.24.	  With	  less	  than	  50%	  of	  consolidation	  remaining	  the	  factor	  of	  safety	  values	  for	  these	  two	  analyses	  are	  similar.	   	  The	  results	  are	  different	  before	  this	  point.	   	  The	  factor	  of	  safety	  analyses	  with	  less	  than	  50%	  consolidation	  remaining	  are	  also	   the	  analyses	  with	  slip	   surfaces	  very	  similar	   to	   the	  slip	   surfaces	   of	   the	   consolidation	   analyses.	   	   These	   slip	   surfaces	   are	   mesh	   dependent,	   as	  previously	  discussed.	  	  Analyses	  that	  evaluate	  the	  factor	  of	  safety	  less	  than	  half	  way	  through	  the	  time	   analysis	   give	   a	  mesh	   dependent	   factor	   of	   safety	   value.	   	   The	   similarity	   and	   apparent	   low	  mesh	   dependence	   of	   the	   factor	   of	   safety	   results	   on	   the	   50%	   to	   0%	   range	   for	   remaining	  consolidation	   time	  could	  be	  verified	   if	   the	  set	  of	  analyses	  was	  extended	   to	   the	  remaining	   four	  discretisations	   of	   the	  multiple	   pile	   layout	  meshes	   and	  other	  mesh	   layouts.	   	   The	   values	   for	   30	  years	  of	  consolidation	  for	  the	  remaining	  four	  meshes	  are	  plotted	  on	  Figure	  6.24.	  	  They	  support	  the	  findings	  of	  the	  two	  full	  sets	  of	  analyses	  when	  more	  than	  50%	  of	  consolidation	  has	  occurred.	  A	  factor	  of	  safety	  value	  greater	  than	  one	  reflects	  the	  current	  stability	  of	  the	  slope.	   	  Choosing	  a	  single	  factor	  of	  safety	  value	  to	  represent	  the	  stability	  of	  the	  excavated	  slope	  would	  be	  difficult.	  	  For	  the	  case	  of	  an	  excavated	  stiff	  clay	  slope,	  the	  passing	  of	  time	  and	  development	  of	  high	  strains	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reduce	  the	  stability	  of	  a	  slope.	   	  The	  factor	  of	  safety	  reflects	   this	  change	  and	  must	  therefore	  be	  considered	   in	  context	  of	  potential	  pore	  water	  pressure	  and	  strength	  variation.	   	  A	  reduction	   in	  stability	  reduces	  the	  factor	  of	  safety	  until	  a	  value	  of	  1.0	  is	  reached	  and	  the	  slope	  is	  considered	  unstable.	  	  In	  this	  section,	  the	  factor	  of	  safety	  value	  for	  a	  stiff	  clay	  excavated	  slope	  is	  shown	  to	  be	  dependent	  on	  the	  amount	  of	  consolidation	  permitted	  prior	  to	  the	  factor	  of	  safety	  evaluation.	  	  If	  very	   little	   consolidation	   is	   permitted	   (evaluation	   immediately	   after	   slope	   excavation),	   the	  factors	  of	  safety	  values	  are	  similar	  for	  a	  variation	  in	  the	  mesh	  employed.	  	  The	  strain	  distribution	  and	   slip	   surface	   positions	   are	   similar	   to	   each	   other,	   but	   different	   to	   the	   full	   consolidation	  analysis	   results.	   	   A	   factor	   of	   safety	   analysis	   without	   a	   period	   of	   consolidation	   can	   therefore	  provide	  misleading	  results.	  	  The	  values	  for	  factor	  of	  safety	  for	  the	  two	  meshes	  employed	  in	  this	  section	  were	   similar	   for	   analyses	  with	   50%	  or	   less	   of	   the	   consolidation	   time	   remaining.	   	   The	  coincidence	  of	   factor	  of	   safety	  values	  after	  50%	  consolidation	  requires	  verification	  with	  other	  meshes.	   	   If	   verified,	   this	   factor	   of	   safety	   value	   could	   be	   used	   to	   identify	   when	   a	   stiff	   clay	  excavated	  slope	  of	  these	  dimensions	  is	  halfway	  to	  failure	  and	  thus	  predict	  time	  to	  failure.	   	  For	  analyses	  with	  factor	  of	  safety	  evaluation	  during	  the	  first	  50%	  of	  the	  consolidation	  time,	  the	  two	  meshes	   employed	   demonstrate	  mesh	   dependence	   of	   the	   factor	   of	   safety	   value.	   	   The	   factor	   of	  safety	  evaluation	  is	  a	  potentially	  useful	  tool	  in	  identifying	  time	  to	  failure.	  	  It	  does	  not	  provide	  a	  mesh	  independent	  solution	  when	  different	  periods	  of	  consolidation	  are	  permitted.	  	  
	  
Figure	  6.24	  Comparing	  the	  factor	  of	  safety	  value	  to	  the	  percentage	  of	  simulated	  time	  remaining	  until	  failure	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6.4.3. After	  excavation	  with	  nonlocal	  regularisation	  In	   the	   previous	   Section,	   6.4.2,	   the	   factor	   of	   safety	   analyses	   performed	   immediately	   after	  excavation	   for	   the	   two	  meshes	   produced	   similar	   factor	   of	   safety	   values	   and	   strain	   contours,	  Figure	  6.18(a)	   and	  Figure	  6.23(a).	   	   The	   analyses	   employing	   these	   two	  meshes	   that	   used	   time	  and	   consolidation	   to	   reach	   failure	   produced	   slightly	   different	   strain	   distributions.	   	   Two	   slip	  surfaces	  formed	  in	  both	  consolidation	  analyses,	  but	  the	  critical	  slip	  surface	  was	  different	  for	  the	  two	  analyses,	  Figure	  6.18(f)	  and	  Figure	  6.23(i).	  	  The	  post	  excavation	  factor	  of	  safety	  analyses	  did	  not	   exhibit	   this	   mesh	   dependency.	   	   It	   would	   be	   useful	   to	   ascertain	   if	   this	   behaviour	   was	   a	  coincidence	   or	   if	   it	   also	   occurred	  with	   other	  mesh	  discretisations	   under	   the	   same	   conditions.	  	  Analyses	  for	  the	  four	  remaining	  mesh	  discretisations	  of	  the	  multiple	  pile	  location	  layouts,	  Figure	  6.1(a),	   (b),	   (e)	   and	   (f),	  were	   performed	  with	   the	   factor	   of	   safety	   evaluated	   immediately	   after	  excavation.	   	  Excavation	  occurs	  over	  0.25	  years	  and	  although	  consolidation	  is	  permitted	  during	  this	  period,	   the	  time	   is	   too	  short	   to	  permit	  any	  significant	  pore	  water	  pressure	  changes	   in	   the	  low	  permeability	  stiff	  clay.	  	  The	  analyses	  in	  this	  section	  therefore	  evaluate	  the	  value	  of	  the	  factor	  of	  safety	  without	  the	  influence	  of	  consolidation.	  	  	  The	  values	  for	  factor	  of	  safety	  assessed	  after	  excavation	  in	  these	  six	  analyses	  are	  presented	  in	  relation	   to	   the	   time	   to	   failure	   for	   the	   consolidation	   analyses	   in	   Figure	  6.25.	   	   These	   values	   for	  factor	   of	   safety	   have	   a	   small	   range,	   1.408	   to	   1.436	   compared	   to	   the	   analyses	   with	   the	   value	  evaluated	   after	   30	   years	   consolidation,	   1.018	   to	   1.146,	   Figure	   6.12.	   	   When	   the	   values	   are	  separated	  into	  two	  groups	  by	  which	  slip	  surface	  was	  critical	  at	  slope	  failure,	  the	  range	  of	  values	  for	  the	  30	  years	  consolidation	  analyses	  is	  much	  smaller	  and	  more	  comparable	  to	  the	  range	  for	  the	  after	  excavation	  analyses.	  	  For	  the	  30	  years	  analyses	  with	  a	  deeper	  critical	  slip	  surface,	  the	  values	   are	   1.113,	   1.137	   and	   1.146	   with	   a	   range	   of	   0.024.	   	   The	   critical	   shallow	   strain	  concentration	  analyses	  have	  values	  1.018,	  1.018	  and	  1.042	  with	  a	  range	  of	  0.033.	  	  The	  range	  for	  the	   after	   excavation	   analyses	   is	   0.028.	   	   The	   variation	   in	   the	   factor	   of	   safety	   values	   therefore	  occurs	  as	  a	  result	  of	  different	  failure	  mechanisms	  and	  a	  larger	  range	  of	  values	  can	  indicate	  more	  than	  one	  failure	  mechanism.	  The	   small	   range	   of	   factor	   of	   safety	   values	   for	   the	   post	   excavation	   analyses	   suggests	   a	   similar	  strain	  distribution	  and	  slope	  failure	  mechanism.	  	  The	  strain	  distributions	  for	  two	  vertical	  cross	  sections	  are	  presented	   in	  Figure	  6.26,	   showing	  accumulated	  nonlocal	  plastic	  deviatoric	   strain.	  	  These	  show	  that	  four	  of	  the	  analyses	  resulted	  in	  very	  similar	  strain	  distributions	  with	  a	  single	  slip	  surface	  2.5m	  below	  the	  surface	  at	  the	  base,	  Figure	  6.26(a)	  and	  12.5	  m	  below	  the	  midslope,	  Figure	  6.26(b).	  	  Two	  of	  the	  analyses,	  employing	  the	  smallest	  elements	  and	  short	  with	  thin	  below	  slope	  meshes	   have	   critical	   slip	   surfaces	   a	   couple	   of	  metres	   deeper	   at	   these	   two	   cross	   section	  positions	  and	  with	  higher	  maximum	  strains	  compared	  to	  the	  other	  four	  analyses.	  	  The	  greatest	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variation	  is	  shown	  by	  analysis	  employing	  the	  short	  with	  thin	  below	  slope	  mesh.	   	  The	  value	  for	  factor	  of	  safety	  for	  this	  analysis	  is	  also	  the	  most	  distant	  to	  the	  others.	  	  The	  plots	  of	  accumulated	  local	  plastic	  strain	  contours	   in	  Figure	  6.27	  further	  confirm	  the	  similarity	  of	  results.	   	  The	  short	  with	   thin	   below	   slope	  mesh,	   Figure	   6.27(f),	   shows	   the	   largest	   difference	  with	   the	   high	   strain	  concentrations	   extending	   below	   the	   critical	   slip	   surface	   towards	   the	   bottom	  mesh	   boundary.	  The	  similarity	  of	  the	  other	  results	  suggests	  that	  they	  are	  not	  very	  mesh	  dependent.	  The	   single	   critical	   slip	   surface	   formed	   in	   these	   factor	   of	   safety	   analyses	   creates	   a	   completely	  different	  slip	  surface	  position	  compared	  to	   the	  consolidation	  analyses	   in	  Section	  6.3.1	  and	  the	  factor	  of	  safety	  after	  30	  years	  analyses	  in	  Section	  6.4.1.	  	  The	  positions	  of	  the	  slip	  surfaces	  for	  the	  consolidation	   and	   post	   excavation	   factor	   of	   safety	   analyses	   are	   directly	   compared	   for	   two	  vertical	  cross	  sections	  at	  the	  midslope,	  Figure	  6.28	  and	  base,	  Figure	  6.29.	  	  The	  results	  of	  the	  30	  years	  factor	  of	  safety	  results	  are	  very	  similar	  to	  and	  therefore	  represented	  by	  the	  consolidation	  results.	   	   At	  midslope,	   the	   single	   slip	   surface	   for	   these	   analyses,	   Figure	   6.28(b)	   is	   at	   a	   similar	  depth	  to	  the	  deeper	  slip	  surface	  for	  the	  consolidation	  and	  time	  analyses,	  Figure	  6.28(a).	  	  Within	  the	   unstable	   mass	   above	   the	   single	   slip	   surface	   for	   the	   factor	   of	   safety	   results	   there	   is	   less	  accumulated	  strain	  than	  the	  consolidation	  results.	  	  This	  indicates	  that	  during	  the	  consolidation	  analyses,	  small	  strains	  develop	  in	  the	  first	  few	  meters	  below	  the	  slope	  surface	  that	  are	  not	  part	  of	   the	  slip	  surface	  development.	   	  The	  strain	  distribution	  at	   the	  base	  shows	  that	   the	  single	  slip	  surfaces,	   Figure	   6.29(b)	   are	   at	   a	   depth	   between	   the	   shallow	   and	   deep	   slip	   surfaces	   of	   the	  consolidation	  analyses,	  Figure	  6.29(a).	  	  This	  is	  confirmed	  by	  comparing	  the	  strain	  contour	  plots	  for	  the	  consolidation	  analyses,	  Figure	  6.4	  to	  the	  contours	  for	  the	  analyses	  in	  this	  section,	  Figure	  6.27.	   	   The	   evaluation	  of	   the	   values	   for	   the	   factor	   of	   safety	   immediately	   after	   excavation	   gives	  very	  different	  strain	  distributions	  to	  the	  consolidation	  results,	  but	  distributions	  that	  are	  similar	  to	  each	  other	  for	  the	  six	  meshes	  employed.	  The	   similarity	   of	   the	   factor	   of	   safety	   values	   presented	   in	   this	   section	   indicates	   that	   it	   is	   the	  consolidation	   that	   is	   responsible	   for	   the	  mesh	   dependence	   of	   the	   results	   in	   Section	   6.3.1.	   	   A	  small	   variation	   in	   the	   distribution	   of	   pore	   water	   pressure	   within	   the	   first	   30	   years	   of	  consolidation	  due	  to	  element	  discretisation	  of	  the	  mesh	  employed	  leads	  to	  a	  dependence	  of	  the	  results	  on	  that	  discretisation.	  	  The	  similarity	  of	  the	  results	  for	  the	  factor	  of	  safety	  analyses	  at	  the	  end	   of	   excavation	   not	   only	   demonstrates	   the	   mesh	   dependence	   caused	   by	   the	   consolidation	  analysis;	   they	   also	   indicate	   that	   the	   nonlocal	   strain	   softening	   method	   employed	   in	   these	  analyses	   in	  not	  mesh	  dependent.	   	  The	  variation	   in	  results	  discussed	   in	  Section	  6.3.1	  and	  6.4.1	  could	  be	  caused	  by	  the	  apparent	  mesh	  dependence	  of	  the	  method	  used	  to	  model	  consolidation	  and	   the	  high	   sensitivity	   of	   the	   slip	   surface	   formation	   to	   the	  pore	  water	  pressure	  distribution.	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Figure	  6.25	  A	  comparison	  of	  the	  time	  to	  failure	  for	  consolidation	  analyses	  and	  Factor	  of	  Safety	  value	  evaluated	  immediately	  after	  excavation,	  employing	  six	  meshes	  of	  
different	  discretisations	  and	  the	  nonlocal	  G&S	  method	  (DL=1m,	  RI=3m).	  



































	   	  
Figure	  6.26	  Accumulated	  nonlocal	   strain	  distribution	   at	   failure	   for	  post	   excavation	   factor	   of	   safety	   analyses	   employing	   the	  nonlocal	   strain	   softening	  model	   (DL=1m,	  





































Accumulated	  	  Nonlocal	  Plastic	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Accumulated	  Nonlocal	  Plastic	  Deviatoric	  Strain	  
(b)	  





Figure	  6.27	  Accumulated	  local	  plastic	  strain	  contours	  illustrating	  the	  effect	  of	  mesh	  discretisation	  on	  the	  strain	  distribution	  at	  failure	  for	  post	  excavation	  factor	  of	  safety	  
analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  method	  (DL=1m,	  RI=3m)	  and	  six	  meshes	  with	  varied	  discretisation.	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Figure	  6.28	  A	  comparison	  of	  accumulated	  nonlocal	  strain	  distribution	  for	  midslope	  cross	  section	  at	  failure	  for	  (a)	  consolidation	  analyses	  and	  (b)	  post	  excavation	  factor	  of	  





































Accumulated	  Nonlocal	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Figure	  6.29	  A	  comparison	  of	  accumulated	  nonlocal	  strain	  distribution	  for	  base	  cross	  section	  at	   failure	  for	  (a)	  consolidation	  analyses	  and	  (b)	  post	  excavation	  factor	  of	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6.4.4. After	  excavation	  with	  local	  displacement	  strain	  softening	  model	  A	  set	  of	   six	   factor	  of	   safety	  analyses	  were	  performed	  employing	   the	   local	  displacement	   strain	  softening	  model	  in	  place	  of	  the	  nonlocal	  G&S	  strain	  softening	  model.	  	  These	  analyses	  use	  the	  six	  multiple	  pile	  layout	  meshes	  with	  varied	  element	  discretisations,	  Figure	  6.1.	  	  	  The	  factor	  of	  safety	  is	  evaluated	  immediately	  after	  excavation,	  reflecting	  the	  nonlocal	  analyses	  presented	  in	  Section	  6.4.3.	   	   These	   analyses	   aim	   to	   ascertain	   if	   there	   is	   lower	   mesh	   dependence	   due	   to	   a	   lack	   of	  consolidation	  effects	  when	  employing	  the	  local	  strain	  softening	  method	  as	  well	  as	  the	  nonlocal	  method.	   	   They	   also	   aim	   to	   further	   demonstrate	   the	   benefits	   of	   employing	   the	   nonlocal	   strain	  softening	  method	  in	  place	  of	  the	  local	  strain	  softening	  method.	  	  The	  previous	  local	  displacement	  analyses	  presented	  in	  Section	  6.3.2,	  Figure	  6.6	  and	  Figure	  6.9	  were	  used	  as	  the	  input	  to	  evaluate	  the	  factor	  of	  safety	  after	  excavation.	  	  The	  peak	  soil	  strength	  was	  applied	  until	  a	  displacement	  of	  0.11m	  and	  the	  residual	  strength	  after	  0.45m	  displacement	  has	  occurred.	  The	  values	   for	   the	   factor	  of	  safety	  after	  excavation	  are	  compared	  to	  the	  time	  to	   failure	   for	   the	  consolidation	  analyses	  employing	   the	   local	   strain	  softening	  model	   in	  Figure	  6.30.	   	  There	   is	  no	  correlation	  between	  the	  factor	  of	  safety	  value	  and	  time	  to	   failure.	   	  The	  values	  for	  the	  factor	  of	  safety	   vary	   from	  1.370	   to	  1.507,	  with	   a	   range	  of	   0.137.	   	   This	   is	   a	  much	   larger	   range	   than	   the	  0.028m	  range	  (1.408	  to	  1.436,	  Figure	  6.25)	  for	  the	  equivalent	  analyses	  employing	  the	  nonlocal	  strain	  softening	  model.	   	  This	  suggests	  there	  would	  be	  a	  greater	  variation	  of	  strain	  distribution	  than	   for	   the	   nonlocal	   analyses.	   	   The	   strain	   distributions	   for	   two	   vertical	   cross	   sections	   are	  shown	  in	  Figure	  6.31.	  	  These	  graphs	  show	  the	  accumulated	  local	  plastic	  deviatoric	  strain,	  as	  the	  nonlocal	   strain	   is	   not	   calculated	   in	   these	   analyses.	   	   The	   local	   analysis	   strain	   results	   are	  compared	   to	   the	  equivalent	   local	   strain	  distribution	   for	   the	  nonlocal	  post	  excavation	   factor	  of	  safety	   analyses	   in	   Figure	   6.32	   and	   Figure	   6.33.	   	   For	   the	   local	   analyses,	   a	   single	   slip	   surface	  formed	  for	  all	  analyses	  at	  the	  midslope	  cross	  section,	  Figure	  6.31(b).	  	  At	  the	  base,	  the	  thin	  below	  slope	  analysis	  showed	  a	  second	  area	  of	  high	  strain	  concentration,	  Figure	  6.31(a),	  but	  the	  other	  analyses	  had	  a	  single	  slip	  surface.	  	  The	  position	  of	  the	  slip	  surfaces	  coincide	  at	  both	  the	  base	  and	  the	  midslope	  cross	  sections	  for	  the	  analyses	  employing	  the	  largest	  elements,	  smallest	  elements,	  and	  thin	  below	  base	  meshes.	  	  The	  values	  for	  the	  factor	  of	  safety	  of	  these	  analyses	  were	  also	  the	  least	   varied.	   	   For	   the	   remaining	   three	   analyses,	   the	   slip	   surfaces	   are	   deeper	   especially	   at	  midslope,	  corresponding	  to	  a	  higher	  factor	  of	  safety	  value.	  The	  positions	  of	  all	  slip	  surfaces	  are	  relatively	  similar	  to	  the	  positions	  for	  the	  cross	  sections	  of	  the	   equivalent	   nonlocal	   analyses,	   shown	   for	   the	   base	   in	   Figure	   6.32	   and	   for	   the	  midslope	   in	  Figure	  6.33.	  	  However,	  the	  contour	  plots	  for	  the	  local	  post	  excavation	  factor	  of	  safety	  analyses	  at	  the	  end	  of	  the	  analysis,	  Figure	  6.34,	  show	  there	  is	  a	  greater	  variation	  in	  the	  strain	  distribution	  compared	   to	   the	  nonlocal	   analyses	  when	   the	  whole	   area	   of	   the	   analysis	   is	   considered,	   Figure	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Figure	  6.30	  A	  comparison	  of	  the	  time	  to	  failure	  for	  consolidation	  analyses	  and	  Factor	  of	  Safety	  value	  evaluated	  immediately	  after	  excavation,	  employing	  six	  meshes	  of	  
different	  discretisations	  and	  the	  local	  displacement	  strain	  softening	  method	  




































Figure	  6.31	  Accumulated	  local	  strain	  distribution	  at	  failure	  for	  post	  excavation	  factor	  of	  safety	  analyses	  employing	  the	  local	  displacement	  strain	  softening	  model	  and	  six	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Figure	  6.32	  A	  comparison	  of	  accumulated	  local	  strain	  distribution	  for	  base	  cross	  section	  at	  failure	  for	  post	  excavation	  factor	  of	  safety	  analyses	  employing	  different	  strain	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Figure	  6.33	  A	  comparison	  of	  accumulated	  local	  strain	  distribution	  for	  midslope	  cross	  section	  at	  failure	  for	  post	  excavation	  factor	  of	  safety	  analyses	  employing	  different	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Figure	  6.34	  Accumulated	  local	  plastic	  strain	  contours	  illustrating	  the	  effect	  of	  mesh	  discretisation	  on	  the	  strain	  distribution	  at	  failure	  for	  post	  excavation	  factor	  of	  safety	  




Figure	   6.35	   A	   comparison	   of	   accumulated	   local	   strain	   distribution	   at	   failure	   for	   consolidation	   and	   post	   excavation	   factor	   of	   safety	   analyses	   employing	   the	   local	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 Summary	  6.5.Six	   meshes	   with	   the	   same	   layout	   but	   varied	   element	   discretisation	   were	   employed	   in	   an	  investigation	  into	  the	  influence	  of	  mesh	  discretisation,	  with	  a	  DL	  of	  1.0m.	  The	  slope	  produces	  a	  strain	  distribution	  with	  two	  potential	  slip	  surfaces	  for	  an	  analysis	  employing	  the	  nonlocal	  G&S	  method	  with	  a	  DL	  of	  1m	  and	  RI	  of	  3m.	   	  These	  were	  the	  values	  found	  to	  be	  appropriate	  for	  the	  required	  softening	  rate	  of	  the	  material	  employed.	  	  One	  of	  the	  two	  potential	  slip	  surfaces	  became	  the	   failure	  surface,	  depending	  on	   the	  element	  discretisation	  of	   the	  mesh	  and	   the	  height	  of	   the	  excavation	   layer	   (Appendix	   B.3).	   	   The	   different	   developments	   of	   the	   slip	   surfaces	   caused	   a	  variation	  in	  time	  to	  slope	  failure.	  The	  nonlocal	  G&S	  strain	  softening	  model	  required	  a	  numerical	  cost	   increase	  when	   used	   in	   place	   of	   the	   local	   displacement	   strain	   softening	  model.	   	   This	  was	  only	   an	   increase	   of	   about	   a	   third	   and	   the	   improvements	   were	   tangible.	   	   Local	   results	  demonstrated	  mesh	   alignment,	  with	   the	   slip	   surface	   following	   element	   directions	   and	   a	   large	  variation	  in	  time	  to	  failure	  and	  slip	  surface	  position.	  	  The	  nonlocal	  results	  were	  more	  repeatable	  and	  the	  range	  of	  time	  to	  failure	  reduced	  from	  more	  than	  200	  years	  to	  47	  years.	  The	  factor	  of	  safety	  can	  be	  used	  to	  represent	  the	  stability	  of	  the	  slope	  in	  addition	  to	  the	  time	  to	  slope	   failure.	   	  This	  value	   reflects	   the	  current	   stability	  of	   the	  slope	  at	   the	   time	  consolidation	   is	  halted	   and	   factor	   of	   safety	   evaluated.	   	   A	   value	   greater	   than	   1.0	   does	   not	   signify	   permanent	  stability	  of	  a	  stiff	  clay	  excavated	  slope,	  as	  other	  factors	  reduce	  the	  slope	  stability	  over	  time.	  	  The	  pore	   water	   pressure	   dissipation,	   consolidation	   and	   material	   strain	   softening	   will	   reduce	   the	  factor	  of	  safety	  and	  slope	  failure	  could	  occur	  at	  a	  later	  time.	  	  It	  is	  therefore	  important	  to	  relate	  the	   factor	  of	   safety	  value	   to	  when	   it	   is	  evaluated.	   	  The	  values	  are	  at	   their	   largest	   immediately	  after	   excavation	   and	   then	   continue	   to	   reduce	  with	   an	   increase	   in	   the	   period	   of	   consolidation	  prior	  to	  factor	  of	  safety	  evaluation,	  until	  a	  value	  1.0	  close	  to	  the	  time	  when	  failure	  occurs.	  	  	  When	  a	  period	  of	  consolidation	  was	  modelled	  prior	  to	  the	  evaluation	  of	  the	  factor	  of	  safety,	  the	  analyses	  demonstrate	  mesh	  dependence	  of	   the	  strain	  distribution.	   	  The	   factor	  of	  safety	  values	  for	   the	   two	  meshes	   investigating	   the	   influence	  of	   the	  consolidation	  period	  were	   in	  agreement	  once	   a	   period	   of	   consolidation	   of	   50%	   or	  more	   of	   the	   time	   to	   failure	  was	   permitted	   prior	   to	  factor	  of	  safety	  evaluation.	  	  When	  a	  period	  of	  30	  years	  consolidation	  was	  permitted,	  the	  factor	  of	  safety	   analyses	   employing	   the	   nonlocal	   strain	   softening	   method	   predicted	   almost	   identical	  failure	   mechanisms	   as	   the	   consolidation	   to	   failure	   analyses.	   	   This	   demonstrates	   that	   both	  consolidation	  and	  factor	  of	  safety	  evaluation	  can	  provide	  the	  critical	  failure	  mechanism	  when	  a	  suitable	  pore	  water	  pressure	  distribution	  and	  response	  is	  employed.	  	  The	  pore	  water	  pressure	  profiles	   at	   10	   year	   intervals	   of	   consolidation	   showed	   no	   significant	   changes	   after	   30	   years,	  supporting	  the	  similarity	  of	  the	  full	  consolidation	  and	  30	  year	  factor	  of	  safety	  analyses.	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When	  no	   consolidation	  was	  permitted,	   similar	   factor	   of	   safety	   values	   and	   strain	   distributions	  were	  shown	  for	  the	  six	  meshes	  despite	  their	  varied	  element	  discretisation.	  	  However,	  the	  strain	  distribution	   was	   different	   to	   the	   consolidation	   until	   failure	   results.	   	   This	   confirms	   that	  evaluating	   the	   factor	   of	   safety	   with	   the	   short	   term	   pore	   water	   pressure	   profile	   that	   occurs	  immediately	  after	  excavation	  is	  unlikely	  to	  give	  an	  appropriate	  failure	  mechanism	  for	  stiff	  clay	  excavated	  slopes.	  	  These	  analyses	  also	  demonstrate	  that	  the	  consolidation	  stage	  of	  the	  analysis	  resulted	   in	  mesh	  dependence	  of	   the	  solution.	   	  For	  both	  the	   local	  and	  nonlocal	  strain	  softening	  models,	   the	   results	  were	  more	   similar	  when	   factor	   of	   safety	  was	   evaluated	   immediately	   after	  excavation	  and	  hence	  without	  a	  period	  of	  consolidation.	  	  Even	  with	  the	  lower	  mesh	  dependency	  of	  the	  post	  excavation	  factor	  of	  safety	  analyses,	  the	  nonlocal	  G&S	  still	  provides	  results	  superior	  to	   analyses	   employing	   the	   local	   displacement	   strain	   softening	   model.	   	   The	   local	   results	   still	  suffered	   from	  mesh	  alignment	   and	  had	  a	   greater	   variation	  of	   the	   factor	  of	   safety	   values.	   	   The	  factor	  of	  safety	  was	  not	  shown	  to	  offer	  a	  numerical	  cost	  advantage	  in	  this	  case	  and	  it	  is	  difficult	  to	  determine	  in	  advance	  after	  which	  period	  of	  consolidation	  factor	  of	  safety	  should	  be	  evaluated.	  	  It	   is	   therefore	   advisable	   to	   use	   the	   factor	   of	   safety	   in	   addition	   to	   consolidation	   analyses	   as	   a	  further	  measure	  of	  slope	  stability	  at	  a	  particular	  point	  in	  time.	  The	  results	  presented	  in	  this	  chapter	  and	  the	  summarised	  results	  of	  Appendices	  A	  &	  B	  facilitate	  the	  selection	  of	  appropriate	  soil	  properties,	  numerical	  models	  and	  a	  finite	  element	  mesh	  for	  the	  parametric	   study	   of	   slope	   and	   pile	   interaction	   that	   will	   be	   presented	   in	   Chapter	   7.	   	   The	   soil	  properties	   from	   Potts	   et	   al.	   (1997)	  will	   be	   employed,	   except	   for	   the	   permeability	   values	   and	  model,	   as	   required	   by	   the	   mesh	   designed	   to	   incorporate	   vertical	   stabilisation	   piles.	   	   This	  permeability	  will	  use	  the	  model	  and	  parameters	  labelled	  k(b)	  from	  Kovacevic	  et	  al.	  (2007).	  	  	  The	  most	  suitable	  mesh	  of	  the	  multiple	  pile	   layout	  is	  the	  thin	  below	  base	  discretisation	  with	  a	  16m	  width	   excavation	   base.	   	   This	  mesh	   offers	   a	   shorter	   time	   to	   failure,	   fewer	   elements	   than	  other	  meshes,	   but	   with	   appropriate	   element	   sizes	   for	   the	   DL	   and	   it	   was	   less	   affected	   by	   the	  change	  in	  the	  width	  of	  the	  base	  of	  the	  excavation,	  Appendix	  B.2.	   	  The	  evaluation	  of	  a	  value	  for	  factor	  of	  safety	  will	  also	  be	  used	  in	  the	  pile	  analyses,	  as	  a	  value	  that	  represents	  the	  stability	  of	  a	  slope	  at	  a	  particular	  point	  in	  time.	  	  It	  will	  not	  replace	  the	  use	  of	  consolidation	  analyses,	  despite	  the	  demonstrated	  mesh	  dependence	   caused	  by	   the	   consolidation	  process.	   	  Without	  modelling	  consolidation,	   an	   appropriate	   pore	   water	   pressure	   response	   is	   not	   simulated,	   which	   greatly	  affects	  the	  failure	  mechanism.	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Chapter	  7. Stabilisation	  Piles	  in	  Stiff	  Clay	  Cuttings	  	  
 Introduction	  7.1.	  Slopes	  excavated	  in	  stiff	  clay	  are	  prone	  to	  delayed	  and	  brittle	  failure	  (Potts	  et	  al.,	  1997).	  	  These	  slopes	  are	  widespread	  across	  the	  rail	  and	  road	  networks	  in	  the	  UK,	  Figure	  1.1	  (Wilkinson	  et	  al.,	  2011).	   	   The	   use	   of	   a	   row	   of	   discrete	   vertical	   piles	   is	   an	   established	   stabilisation	   method,	  successfully	  used	  to	  remediate	   failure	  of	  an	  existing	  slope	  and	  to	  stabilise	  potentially	  unstable	  slopes	  created	  by	  widening	   transport	  corridors	   (Ellis	  et	  al.,	  2010;	  Carder,	  2009).	   	  The	  current	  design	  procedures	  for	  horizontally	  loaded	  vertical	  stabilisation	  piles	  employ	  the	  displacements	  and	  critical	  slip	  surface	  of	  the	  un-­‐stabilised	  slope	  as	  discussed	  in	  Section	  2.4.	   	  The	  p-­‐y	  method	  uses	  the	  expected	  soil	  displacements	  to	  calculate	  pile	  reaction	  (Baguelin	  et	  al.,	  1977).	  	  In	  a	  limit	  equilibrium	  or	  limit	  analysis	  design	  procedure,	  the	  pile	  is	  treated	  only	  as	  an	  additional	  force	  or	  moment	  located	  where	  the	  critical	  slip	  surface	  and	  pile	  coincide	  (Hassiotis	  et	  al.,	  1997).	  	  These	  methods	   assume	   that	   the	   presence	   of	   a	   pile	   will	   not	   affect	   the	   failure	   mechanism	   and	   the	  stabilising	  effect	  of	  the	  pile	  will	  not	  be	  significantly	  affected	  by	  its	  position	  or	  length.	  The	  finite	  element	   method	   can	   model	   the	   pile	   and	   soil	   interaction	   in	   an	   unstable	   slope	   without	   a	  predetermined	  location	  for	  the	  slip	  surface.	  	  This	  method	  therefore	  facilitates	  an	  investigation	  of	  the	   interaction	   of	   the	   pile	   and	   excavated	   slope	  with	   the	   corresponding	   changes	   to	   the	   failure	  mechanism.	  	  The	   aim	   of	   these	   investigations	   is	   to	   inform	   pile	   design	   through	   awareness	   of	   slope	   and	   pile	  failure	   mechanisms.	   	   The	   analyses	   presented	   in	   this	   chapter	   investigate	   the	   influence	   of	   the	  location	  of	  the	  pile	  in	  the	  slope,	  the	  pile	  length,	  pile	  diameter	  and	  the	  time	  of	  pile	  construction.	  	  The	   results	   provide	   information	   about	   the	   change	   in	   failure	   mechanism	   in	   terms	   of	   time	   to	  failure,	   distribution	   of	   strains	   in	   the	   soil,	   soil	   displacements	   and	   factor	   of	   safety	   value.	   	   The	  behaviour	  of	  the	  pile	  within	  the	  slope	  is	  monitored	  using	  the	  bending	  moments,	  shear	  and	  axial	  forces	  and	  displacements	  of	   the	  pile.	   	  This	  data	  provides	   information	  on	   the	   improvements	   in	  slope	  stability	  offered	  by	  a	  wider	  and	  longer	  pile.	   	  The	  observed	  interaction	  of	  the	  pile	  and	  the	  generic	  slope	   for	  changes	   in	  pile	  parameters	  characterizes	   the	  expected	  behaviour	  and	  allows	  recommendations	  to	  be	  made	  for	  design	  of	  an	  efficient	  pile	  stabilisation	  system.	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 Two-­‐dimensional	  Finite	  Element	  Analyses	  with	  Stabilisation	  Piles	  7.2.Two	   dimensional	   plane	   strain	   finite	   element	   analyses	   were	   performed	   to	   simulate	   the	  excavation	  of	  the	  slope	  in	  overconsolidated	  clay	  and	  the	  interaction	  of	  vertical	  piles	  within	  the	  slope.	  	  As	  with	  the	  slope	  analyses	  modelled	  in	  the	  previous	  Chapters,	  the	  slope	  is	  not	  a	  specific	  case	  study,	  but	  a	  generic	  slope	  with	  dimensions	  known	  to	  be	  unstable	  in	  London	  Clay	  (Potts	  et	  al.	  1997;	  Ellis	  &	  O’Brien,	  2007).	  	  The	  slope	  is	  10m	  in	  height	  with	  a	  1	  in	  3	  vertical	  to	  horizontal	  slope	   angle.	   	   The	   soil	   properties	   for	   London	   Clay	   employed	   in	   the	   analyses	   presented	   in	   this	  Chapter	   are	   sourced	   from	   Potts	   et	   al.	   (1997)	   except	   for	   permeability,	   which	   is	   taken	   from	  Kovacevic	  et	  al.	  (2007).	   	  These	  soil	  properties	  are	  listed	  in	  Table	  6.1.	   	  A	  constant	  coefficient	  of	  earth	  pressure,	  K0	  of	  2.0	  is	  assumed	  for	  all	  these	  analyses.	  	  The	  permeability	  uses	  a	  logarithmic	  p’	  model,	  Equation	  (3.9)	  and	  profile	  k(b)	   in	  Figure	  3.29.	   	  The	  soil	   is	  modelled	  as	  elasto-­‐plastic	  with	  a	  Mohr-­‐coulomb	  failure	  surface	  and	  nonlocal	  strain	  softening	  regularization.	  The	   nonlocal	   strain	   softening	  model	   has	   been	   shown	   to	   reduce	   the	  mesh	   dependency	   of	   the	  solution	  for	  slope	  analyses	  (see	  Chapters	  5	  and	  6).	   	  There	  is	  still	  some	  variation	  in	  results	  and	  the	  use	  of	  a	  single	  mesh	  configuration	  would	  reduce	  the	  variation	   in	  results	  and	  make	  clearer	  the	   influence	   of	   varying	   pile	   parameters.	   	   From	   the	   results	   presented	   in	   Section	   6.3,	   it	   was	  decided	  to	  employ	  the	  multiple	  pile	  mesh	  with	  the	  thin	  below	  base	  elements	  distribution,	  Figure	  6.1(c),	  for	  most	  of	  the	  pile	  analyses.	  	  This	  mesh	  configuration	  is	  designed	  to	  model	  piles	  as	  beam	  elements	  only,	  in	  26	  potential	  locations	  as	  shown	  in	  Figure	  7.1.	   	  In	  Section	  7.7,	  the	  use	  of	  solid	  and	   beam	   elements	   are	   compared.	   	   The	   solid	   element	   analyses	   use	   the	   meshes	   labelled	  midslope	  pile	  mesh,	  Figure	  5.25(b)	  and	  (c)	  respectively,	  p294.	  The	   slope	   failure	   mechanism	   for	   each	   analysis	   can	   be	   identified	   from	   the	   contours	   of	  accumulated	  plastic	  strain	  or	  the	  incremental	  displacement	  vector	  for	  the	  final	  increment	  of	  the	  analysis.	  	  The	  improvement	  in	  the	  stability	  of	  the	  slope	  is	  indicated	  by	  the	  time	  to	  slope	  failure	  for	  each	  analysis,	  as	  well	  as	  the	  change	  in	  failure	  mechanism.	  	  For	  some	  analyses,	  the	  change	  in	  factor	   of	   safety	   value	   is	   discussed	   as	   an	   indication	   of	   the	   increase	   in	   or	   prolonging	   of	   slope	  stability.	   	   The	   factor	   of	   safety	   of	   a	   designed	   stabilisation	   system	   is	   a	   key	   part	   of	   recent	  construction	  guidelines,	  EC7,	  where	  partial	  factors	  of	  soil	  strength,	  resistance	  and	  applied	  loads	  can	  be	  employed	  (Potts	  &	  Zdravković,	  2012).	  	  It	  will	  be	  useful	  to	  demonstrate	  the	  ability	  of	  this	  method	  to	  represent	  stability	  improvements	  in	  a	  stabilised	  cutting	  slope	  analysis.	  	  For	  the	  slope	  without	  a	  stabilisation	  pile,	  failure	  occurred	  40.46	  years	  after	  excavation	  was	  complete	  for	  the	  thin	  below	  base	  mesh,	   Figure	  6.1(c).	   	   The	   contours	   of	   strain	   showed	   the	  development	   of	   two	  potential	  slip	  surfaces	  initiating	  below	  the	  toe	  of	  the	  slope	  and	  extending	  into	  and	  towards	  the	  crest	   of	   the	   slope,	   Figure	   6.4(c).	   	   The	   shallower	   slip	   surface	   became	   critical.	   	   Inserting	   a	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stabilisation	  pile	   that	   interacts	  with	  either	  of	   the	  two	  slip	  surfaces	  has	  the	  potential	   to	  change	  the	  failure	  mechanism	  and	  time	  to	  slope	  failure.	  	  
	  
Figure	  7.1	  Boundary	  conditions	  and	  multiple	  pile	  mesh	  layout	  for	  pile	  analyses,	  illustrating	  the	  potential	  26	  
positions	  of	  a	  pile.	  	  The	  15m	  highlighted	  pile	  positions	  are	  referred	  to	  in	  Section	  7.3.	  	  
7.2.1. Pile	  Elements	  The	  multiple	  pile	  mesh	  has	  been	  designed	  to	  allow	  the	  placement	  of	  vertical	  piles	  in	  26	  different	  locations	  between	  the	  toe	  and	  crest	  of	   the	  slope,	  see	  Figure	  7.1.	   	  The	   length	  of	   the	  pile	  can	  be	  varied	  at	  1m	  intervals	  for	  the	  first	  15	  meters.	   	  The	  remaining	  depth	  is	  divided	  into	  5	  elements	  whose	  height	  varies	  according	  to	  the	  location	  between	  the	  toe	  and	  crest	  of	  the	  slope.	   	  In	  these	  analyses	  the	  pile	  is	  wished	  in	  place	  immediately	  after	  excavation	  of	  the	  slope.	   	  The	  installation	  effects	   discussed	   in	   Section	   3.5.2	   are	   not	   modelled.	   	   The	   pile	   is	   modelled	   in	   most	   analyses	  presented	   in	   this	   chapter	   as	   beam	   elements.	   	   These	   are	   one-­‐dimensional	   elements	   inserted	  between	   two	   solid	   elements	   in	   a	   two-­‐dimensional	   analysis.	   	   Beam	   elements	   are	   appropriate	  when	   the	   outputs	   required	   are	   the	   forces	   and/or	   bending	   moments.	   	   These	   elements	   are	  described	   in	  more	  detail	   in	  Section	  3.5.2.	   	  Assessing	   the	  bending	  moment	  of	   solid	  elements	   is	  more	  problematic.	  	  Material	  properties	  are	  applied	  to	  these	  elements	  to	  represent	  a	  pile	  of	  three	  dimensions.	   	  The	  beam	  elements	  require	  values	  of	  material	  density,	  ρ,	  stiffness,	   in	  the	   form	  of	  Young’s	  Modulus,	  E,	  Poisson’s	   ratio,	  μ,	  a	   shear	  correction	   factor,	  κ,	   cross	  sectional	  area,	  A	  and	  the	  second	  moment	  of	  area,	  I.	  	  	  	  The	  parameters	  A	  and	  I	  are	  calculated	  using	  Equations	  (7.1)	  and	  (7.2)	  respectively,	  where	  D	  is	  pile	  diameter	  and	  S	  is	  pile	  spacing.	  	  The	  A	  and	  I	  values	  are	  divided	  by	  the	  spacing	  to	  reflect	  the	  discrete	   nature	   of	   the	   pile	   row.	   	   The	   analyses	   presented	   in	   this	   thesis	   are	   a	   two	   dimensional	  simplification	  of	  the	  three	  dimensional	  problem.	  	  Each	  pile	  is	  loaded	  by	  the	  soil	  directly	  behind	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it	   and	   the	   soil	   between	   the	   piles.	   	   In	   a	   two	   dimensional	   analysis,	   unfactored	   dimensional	  parameters	   would	   model	   the	   loading	   of	   the	   pile	   only	   by	   soil	   directly	   upslope.	   	   Dividing	   the	  dimensional	   pile	   parameters	   by	   the	   pile	   spacing	   permits	   a	   reasonable	   pile	   to	   soil	   ratio	   to	   be	  maintained.	  	  Modelling	  the	  pile	  in	  this	  way	  does	  not	  allow	  for	  three-­‐dimensional	  effects,	  such	  as	  increased	   stabilisation	   due	   to	   arching	   mechanisms	   between	   the	   piles	   or	   increased	  destabilisation	  due	  to	   flow	  of	  soil	  between	  piles.	   	  However,	  a	   two	  dimensional	   investigation	   is	  still	   valuable,	   as	   it	   uses	   a	   simpler	   situation	   to	   provide	   insight	   into	   the	   effects	   of	   varying	   pile	  dimensions,	   position	   and	   time	   of	   placement.	   	   The	   3D	   pile	   and	   slope	   interaction	   may	   prove	  critical	   to	   the	   stabilisation	   system.	   	  A	   three	  dimensional	   study	  would	  be	  a	  useful	   extension	  of	  this	   work,	   with	   the	   two-­‐dimensional	   results	   making	   interpretation	   of	   the	   3D	   results	   more	  comprehensible.	  	  
𝐴 = 𝜋𝐷!4𝑆 	   (7.1)	  𝐼 = 𝜋𝐷!64𝑆 	   (7.2)	  	  	   	  
7.2.2. Pile	  Properties	  The	   pile	   is	   modelled	   as	   a	   linear	   elastic	   material	   and	   the	   maximum	   bending	   moment	   is	  monitored	  to	  identify	  potential	  plastic	  hinge	  formation.	  	  The	  linear	  material	  model	  requires	  the	  specification	  of	  ρ,	  E,	  μ,	  κ,	  A	  and	  I.	  	  Except	  for	  A	  and	  I,	  the	  pile	  properties	  are	  independent	  of	  the	  pile	   dimensions	   and	   are	   listed	   in	   Table	   7.1.	   	   These	   values	  model	   a	   typical	   circular	   reinforced	  concrete	  pile.	  	  The	  dimensional	  pile	  properties	  A	  and	  I	  are	  discussed	  at	  the	  end	  of	  this	  section.	  The	   material	   density	   for	   concrete	   is	   assumed	   to	   be	   2400kg/m3.	   	   A	   reinforced	   concrete	   pile	  would	   contain	   steel	   as	   well	   as	   concrete	   and	   this	   would	   change	   the	   density	   of	   the	   pile.	   	   For	  example	   in	  a	  0.9m	  diameter	  pile,	   reinforcement	  of	  15	  bars	  of	  40mm	  diameter	  would	   increase	  the	   density	   of	   the	   pile	   to	   approximately	   2570kg/m3,	   an	   increase	   of	   7%.	   	   The	   reinforcement	  required	  would	   vary	  with	   the	   length	   and	   diameter	   of	   the	   pile.	   	   Varying	   the	   density	   due	   to	   a	  change	   in	   reinforcement	   would	   introduce	   an	   additional	   parameter	   to	   consider	   when	  interpreting	   the	   results.	   	  A	   constant	  value	   for	  density	   is	   therefore	  assumed	   for	   all	   analyses	   in	  this	  Chapter.	  	  The	  Young’s	  modulus	  value	  for	  compressive	  concrete	  is	  given	  as	  25GPa	  by	  the	  British	  Standards	  Institute	  (Higgins	  et	  al.,	  2013).	  	  This	  value	  is	  representative	  of	  massive	  concrete	  and	  could	  only	  be	  assumed	  for	  uncracked	  behaviour	  of	  the	  pile,	  as	  is	  often	  the	  assumed	  case	  for	  retaining	  walls	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(Smethurst,	  2003).	   	  As	  the	  soil	  moves	  and	  bends	  the	  stabilising	  pile,	  tensile	  stresses	  will	  cause	  the	  concrete	  to	  form	  micro	  cracks	  reducing	  the	  flexural	  rigidity	  by	  2	  to	  3	  times	  (Durrani,	  2006).	  	  A	  Young’s	  Modulus	  of	  14GPa	  is	  therefore	  an	  appropriate	  value	  for	  a	  reinforced	  concrete	  pile	  that	  experiences	  bending	  and	  has	  already	  been	  successfully	  employed	  in	  analyses	  modelling	  pile	  and	  slope	  interaction	  without	  nonlocal	  regularization	  (Sofianos,	  2011).	  	  The	  influence	  of	  a	  stiffer	  pile	  will	  be	  investigated	  in	  the	  variable	  diameter	  investigation	  presented	  in	  Section	  7.5.	  	  The	  14GPa	  will	  provide	  a	  relatively	  flexible	  pile.	  The	  shear	  correction	  factor,	  κ,	  is	  used	  to	  account	  for	  the	  shear	  stress	  changes	  across	  the	  area	  of	  the	  pile.	   	  A	  value	  of	  0.8333	   is	  appropriate	   for	  a	  rectangular	  cross	  section	  (Potts	  &	  Zdravković,	  2001).	  	  The	  Poisson’s	  Ratio	  relates	  the	  transverse	  to	  axial	  strain	  and	  is	  an	  important	  parameter	  in	  the	  elastic	  deformation	  of	  materials.	  	  Most	  materials	  have	  a	  value	  ranging	  between	  0	  and	  0.5	  and	  concrete	  has	  values	  ranging	  from	  0.1	  to	  0.21	  (Gercek,	  2007).	  	  A	  value	  of	  0.15	  was	  assumed	  in	  these	  analyses.	  	  
Table	  7.1	  Pile	  material	  properties	  Property	  for	  Beam	  Element	   Value	  employed	  Material	  density,	  ρ	   2.4	  Mg/m3	  Young’s	  Modulus,	  E	   14	  x	  106	  kPa	  or	  14GPa	  Poisson’s	  ratio,	  μ	   0.15	  Shear	  correction	  factor,	  κ	   0.8333	  	  The	   cross	   sectional	   area	   and	   second	   moment	   of	   area	   are	   calculated	   using	   the	   diameter	   and	  spacing	  of	  the	  piles	  modelled,	  Equations	  (7.1)	  and	  (7.2).	   	  The	  spacing	  of	  the	  piles	  is	  not	  one	  of	  the	   variables	   investigated	   in	   this	   thesis.	   	   As	   discussed	   in	   Section	   2.4.2,	   to	   reduce	   soil	   flow	  between	  piles,	  the	  spacing	  of	  the	  piles	  should	  be	  a	  distance	  from	  centre	  to	  centre	  of	  between	  3	  to	  5	  pile	  diameters	  (Kourkoulis	  et	  al.,	  2011;	  Carder,	  2005;	  Hayward	  et	  al.,	  2000).	  	  A	  spacing	  of	  3	  pile	   diameters	   has	   been	   employed	   for	   the	   analyses	   presented	   in	   this	   chapter.	   	   With	   the	  exception	  of	  the	  pile	  diameter	  investigation,	  a	  pile	  diameter	  of	  0.9m	  has	  been	  modelled,	  with	  a	  spacing	   of	   2.7m.	   	   This	   gives	   a	   normalised	   cross	   sectional	   area	   of	   0.23562m	   and	   a	   second	  moment	  of	  area	  0.011928m3.	  The	   review	  of	  pile	   stabilised	   slope	   schemes	   in	   Smethurst	   (2003)	   and	   the	   investigation	  of	  pile	  diameters	   by	   Poulos	   (1995)	   provide	   an	   indication	   of	   a	   suitable	   range	   of	   pile	   diameters	   to	   be	  modelled	  with	  values	  ranging	  from	  0.15m	  to	  1.5m.	  	  In	  Section	  7.5,	  diameters	  of	  0.6m	  to	  1.8m	  are	  employed	   at	   0.3m	   intervals.	   	   These	   provide	   a	   suitable	   range	   and	   correspond	   to	   the	   possible	  range	  of	  diameters	   that	   could	  be	  modelled	  by	   the	  midslope	  and	  base	  pile	  meshes	  when	  using	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solid	   elements,	   if	   a	   comparative	   investigation	   is	   made.	   	   The	   spacing	   remains	   the	   same	   at	   3	  multiples	  of	  the	  chosen	  diameter.	  	  The	  resulting	  values	  for	  A	  and	  I	  are	  summarised	  in	  Table	  7.2.	  
Table	   7.2	   Dimensional	   parameters	   for	   the	   pile	   diameter	   investigation.	   	   Bending	  moment	   capacity	   for	   the	  
cross	  section	  of	  pile,	  including	  maximum	  reinforcements	  that	  would	  be	  required	  for	  this	  bending	  moment.	  
Pile	  Diameter,	  D	   Pile	  Length,	  L	   Pile	  Spacing,	  S	  
Normalised	  Cross	  Sectional	  Area,	  A	  (m)	  
Normalised	  Second	  Moment	  of	  Area,	  I	  (m3)	  
Maximum	  Reinforcement	  (with	  30mm	  cover)	  
Bending	  Moment	  Capacity	  with	  no	  Axial	  Compression	  (kNm)	  0.6m	   15m	   1.8m	   0.1570796	   0.0035343	   12T40	   1118	  0.9m	   15m	   2.7m	   0.23562	   0.011928	   16T40	   2584	  1.2m	   15m	   3.6m	   0.3141593	   0.0282743	   16T40	   3824	  1.5m	   15m	   4.5m	   0.3926991	   0.0552233	   16T40	   5115	  1.8m	   15m	   5.4m	   0.4712389	   0.0954259	   16T40	   6450	  	  The	  maximum	   bending	  moment	   that	   a	   discrete	   pile	   can	   sustain,	   before	   plastic	   failure	   of	   the	  material	   occurs,	   is	  dependent	  on	   the	  pile	  diameter,	   length	  and	   level	  of	   reinforcement.	   	  As	   the	  pile	   is	  modelled	   as	   an	   elastic	  material,	   the	  maximum	  bending	  moment	   of	   the	   pile	   during	   the	  analysis	  should	  remain	  below	  its	  plastic	  limit	  for	  the	  analysis	  to	  be	  representative	  of	  the	  critical	  failure	   mechanism.	   	   Given	   the	   high	   stiffness	   of	   the	   soil,	   it	   is	   unlikely	   that	   sufficient	   soil	  deformation	  will	   cause	   the	   formation	   of	   a	   plastic	   hinge	   before	   slope	   failure	   (Viggiani,	   1981).	  	  The	  maximum	  bending	  moment	  will	  still	  be	  monitored	  during	  these	  analyses.	  	  To	  calculate	  this	  maximum	  bending	  moment,	   for	  each	  pile	  diameter	  design	  charts	  were	  employed	  to	  assess	  the	  potential	  reinforcement	  that	  could	  be	  included	  in	  a	  pile	  (The	  Concrete	  Centre,	  2004).	  	  	  This	  was	  used	  to	  assess	  the	  maximum	  bending	  moment	  capacity	  of	  each	  pile,	  which	  is	  listed	  by	  diameter	  in	  Table	  7.2.	  The	  bending	  moment	  capacity	  is	  affected	  by	  the	  axial	  forces	  acting	  on	  the	  pile,	  with	  a	  small	   reduction	   in	  bending	  moment	  capacity	  as	  axial	   compression	   increases.	   	  The	  minimum	  value	   for	  axial	   force	  at	  which	  bending	  moment	  capacity	  begins	   to	   reduce	   is	  2000kN,	  although	  this	  value	  increases	  with	  pile	  diameter	  increase	  (The	  Concrete	  Centre,	  2004).	   	  The	  axial	  forces	  are	  not	  expected	  to	  be	  large	  as	  the	  pile	  is	  only	  loaded	  laterally	  by	  the	  soil.	  The	  shear	  force	  capacity	  of	  the	  pile	  should	  also	  be	  considered.	  	  Shear	  force	  is	  resisted	  by	  shear	  reinforcement	  in	  the	  form	  of	  closed	  loops	  or	  spirals	  (Orr	  et	  al.,	  2010).	  	  The	  shear	  force	  capacity	  provided	  by	  shear	  reinforcement	  is	  increased	  by	  compressive	  axial	  forces.	  	  Several	  methods	  are	  available	   to	   calculate	   the	   amount	   of	   shear	   reinforcement	   required	   (Orr	   et	   al.,	   2010;	   Feltham,	  2004).	   	   In	  a	  review	  of	  these	  methods,	  Feltham	  (2004)	  presents	  the	  appropriate	  shear	  capacity	  for	   a	   900mm	   circular	   column,	   reproduced	   in	   Figure	   7.2.	   	   Nominal	   shear	   reinforcement	   is	  required	  for	  a	  shear	  force	  less	  than	  180kN	  and	  only	  minimum	  reinforcement	  is	  required	  up	  to	  a	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shear	  force	  of	  almost	  600kN.	  	  If	  the	  shear	  force	  exceeds	  500kN	  for	  a	  0.9m	  diameter	  pile,	  then	  the	  actual	   shear	   capacity	   will	   be	   assessed.	   	   For	   shear	   forces	   less	   than	   500kN,	   the	   inclusion	   of	  sufficient	  shear	  reinforcement	  to	  resist	   the	  shear	   force	  can	  be	  considered	  small	  enough	  not	  to	  require	  special	  design	  methods.	  	  
	  
Figure	  7.2	  Comparison	  of	   link	  area	   required	   to	   resist	   shear	   forces,	   by	  different	   calculation	  methods.	   For	  a	  
typical	  circular	  pile	  or	  column,	  900mm	  in	  diameter	  (Feltham,	  2004).	  	  The	  piles	  in	  these	  analyses	  are	  only	  restrained	  by	  the	  soil	  and	  are	  not	  embedded	  in	  a	  stiffer	  soil	  or	   bedrock.	   The	   bending	   moment	   distributions	   for	   all	   pile	   locations	   are	   a	   product	   of	   the	  unrestrained	  nature	  of	  the	  pile.	  	  Only	  the	  resistance	  of	  the	  soil	  restrains	  the	  base	  of	  the	  pile	  and	  therefore	   the	   bending	   moments	   that	   can	   be	   sustained	   are	   small.	   	   No	   restraint	   of	   the	   pile	   is	  provided	   at	   the	   surface	   and	   the	   bending	   moment	   is	   always	   close	   to	   zero.	   	   If	   rotation	   or	  movement	  of	  the	  top	  of	  the	  pile	  was	  restrained,	  for	  example	  by	  a	  beam	  connecting	  the	  pile	  row,	  an	  anchor	  or	  other	  structure,	  then	  a	  larger	  bending	  moment	  could	  be	  sustained	  at	  the	  surface.	  This	   would	   cause	   a	   change	   in	   the	   bending	   moment	   distribution	   and	   potentially	   the	   critical	  failure	  mechanism.	   	  The	   impact	  of	   fixity	  will	  not	  be	   studied	   in	   this	   thesis,	   but	   a	   review	  of	   the	  effects	  discussed	  in	  the	  literature	  was	  presented	  in	  Section	  2.4.	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 The	  Influence	  of	  Pile	  Location	  7.3.The	   location	  of	  a	  vertical	  pile	  between	   the	  crest	  and	   toe	  of	   the	   slope	  alters	   the	  pile	  and	  slope	  interaction.	  	  This	  would	  cause	  a	  difference	  in	  the	  failure	  mechanisms	  and	  a	  varied	  contribution	  to	  slope	  stabilisation.	   	  A	  15m	  long	  pile	  was	  placed	  in	  each	  of	  the	  26	  locations	  between	  the	  toe	  and	  crest	  of	  the	  slope.	  	  These	  locations	  are	  spaced	  1.2m	  apart,	  labelled	  1	  at	  the	  toe	  and	  26	  at	  the	  crest	   of	   the	   slope,	   Figure	   7.1.	   	   The	   pile	   is	   placed	   immediately	   after	   excavation.	   	   The	   soil	   then	  responds	  to	  the	  stress	  relief	  due	  to	  the	  excavation	  and	  the	  new	  hydraulic	  boundary	  conditions.	  	  The	   soil	   is	   modelled	   using	   a	   strain	   softening	   soil	   and	   the	   analysis	   employs	   coupled	  consolidation.	   	   No	   external	   forces	   or	   displacements	   are	   applied	   to	   trigger	   or	   promote	   slope	  failure,	  permitting	  a	  realistic	  development	  of	  strains	  and	  displacements,	  leading	  to	  slope	  failure.	  	  To	  assess	  the	  change	  in	  contribution	  to	  stability	  made	  by	  the	  pile	   in	  each	  position,	  the	  time	  to	  failure,	  changes	  in	  strain	  distribution	  and	  value	  for	  factor	  of	  safety	  are	  monitored.	  The	  presence	  of	  a	  single15m	  long	  pile	  row	  did	  not	  prevent	  failure	  of	  the	  slope	  for	  any	  position,	  with	   excessive	   soil	  movement	  halting	   all	   the	   finite	   element	   analyses,	   eventually.	   	  The	  pile	  did	  extend	  the	   lifetime	  of	   the	  slope,	  as	   the	  time	  to	  slope	   failure	   increased	  up	  to	  224	  years	  (Figure	  7.3).	  	  The	  analysis	  without	  a	  pile,	  employing	  the	  same	  mesh,	  resulted	  in	  slope	  failure	  almost	  41	  years	  after	  excavation.	  	  	  The	  analyses	  with	  piles	  had	  failure	  times	  ranging	  from	  36	  years	  to	  224	  years	   (blue	   blocks).	   	   The	   position	   of	   the	   pile	   is	   therefore	   important	   in	   determining	   its	  contribution	  to	  stabilisation	  and	  the	  presence	  of	  a	  pile	  in	  position	  one	  led	  to	  a	  marginal	  decrease	  in	  the	  stability	  of	  the	  slope.	  	  The	  factor	  of	  safety	  after	  30	  years	  consolidation	  was	  evaluated	  for	  these	  26	  pile	  location	  analyses.	  For	  the	  pile	  location	  analyses,	  in	  similar	  way	  to	  the	  time	  to	  slope	  failure,	   this	   indication	   of	   slope	   stability	   had	   a	  wide	   range	   of	   values	   from	  1.16120	   to	   1.01829	  (red	  blocks,	  Figure	  7.3).	  	  These	  values	  are	  all	  greater	  than	  the	  equivalent	  analysis	  without	  a	  pile,	  with	   a	   factor	   of	   safety	   value	   after	   30	   years	   of	   1.01767.	   	   For	   this	   measure	   of	   stability,	   the	  presence	   of	   a	   pile	   provides	   at	   least	   a	   small	   improvement	   in	   the	   stability	   of	   the	   slope	   for	   all	  positions	  between	  the	  toe	  and	  the	  crest.	  	  This	  contradicts	  the	  time	  to	  failure	  for	  position	  1,	  but	  supports	  the	  increase	  in	  time	  for	  the	  other	  pile	  positions.	  The	  values	  of	  time	  to	  failure	  and	  factor	  of	  safety	  for	  each	  of	  the	  26	  pile	  locations	  are	  compared	  in	  Figure	  7.3.	  	  The	  factor	  of	  safety	  is	  evaluated	  after	  30	  years,	  which	  in	  Section	  6.4.1	  and	  6.4.2	  was	  shown	  to	  be	  a	  sufficient	  consolidation	  period	   for	   these	  slope	  dimensions	   to	  produce	  the	  same	  failure	  mechanism	  for	  the	  factor	  of	  safety	  and	  consolidation	  until	  failure	  analyses.	  	  In	  Figure	  7.3,	  the	  relative	  differences	  between	  the	  time	  to	  failure	  and	  factor	  of	  safety	  do	  not	  reflect	  each	  other	  in	  the	  same	  way	  as	  the	  analyses	  presented	  in	  Figure	  6.12.	  	  If	  these	  two	  sets	  of	  values	  are	  instead	  plotted	   to	   identify	   any	   relationship	   between	   them	   a	   clearer	   interpretation	   of	   the	   results	   can	  begin,	  Figure	  7.4.	  	  The	  results	  cluster	  into	  five	  groups	  of	  sequential	  pile	  positions.	  	  Within	  each	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group	  there	  is	  a	  similar	  range	  of	  times	  to	  failure	  and	  the	  corresponding	  factor	  of	  safety	  values	  creates	  a	  trend	  distinct	  to	  each	  group.	   	  It	  will	  be	  shown	  in	  the	  remainder	  of	  this	  section,	  these	  five	  groups	  correspond	  to	  five	  different	  mechanisms	  of	  the	  pile	  during	  failure	  of	  the	  stabilised	  slope.	  These	  groups	  are	  labelled	  mechanisms	  1	  to	  5	  and	  correspond	  to	  the	  following	  positions	  of	  the	  pile	  in	  the	  slope:	  
• Mechanism	  1	  corresponds	  to	  position	  1	  only.	  
• Mechanism	  2	  corresponds	  to	  positions	  2	  to	  6.	  	  	  
• Mechanism	  3	  corresponds	  to	  positions	  7	  to	  14.	  	  	  
• Mechanism	  4	  corresponds	  to	  positions	  15	  to	  20.	  	  	  
• Mechanism	  5	  corresponds	  to	  positions	  21	  to	  26.	  The	  grouping	  of	  positions	  2	  to	  6	  is	  easy	  to	  identify	  in	  Figure	  7.3,	  with	  the	  magnitude	  of	  time	  and	  factor	   of	   safety	   values	   showing	   consistent	   variations.	   	   It	   is	   more	   difficult	   to	   distinguish	   the	  groups	   for	  mechanism	   3	   to	   5.	   	   The	   time	   and	   factor	   of	   safety	   value	   for	   position	   14	   are	  much	  higher	  than	  the	  neighbouring	  positions.	  	  The	  incremental	  displacements	  for	  the	  final	  increment	  illustrate	   the	   change	   in	   failure	  mechanism	   from	  position	  13	   to	  14,	  Figure	  7.5(m)	  and	   (n)	   to	   a	  slope	  failure	  downslope	  of	  the	  pile.	  	  However,	  Figure	  7.4	  places	  position	  14	  in	  mechanism	  3	  with	  position	  13.	   	  The	  time	  to	  failure	  for	  position	  15	  is	  quite	  small	  compared	  to	  position	  14	  and	  16,	  although	  not	  compared	  to	  position	  17.	   	  This	   indicates	  there	  may	  be	  a	  transition	  zone	  with	  the	  development	  of	  more	  than	  one	  potential	  failure	  mechanism.	  	  The	  magnitude	  of	  factor	  of	  safety	  results	  of	  mechanism	  4	  and	  5	  may	  help	  differentiate	  the	  two	  groups,	  Figure	  7.3,	  but	  the	  times	  to	  failure	  are	  not	  significantly	  different	   from	  position	  18	  onwards,	  spanning	  mechanism	  4	  and	  5.	  	  Within	  groups,	  there	  are	  also	  some	  inconsistencies,	  for	  example,	  there	  is	  a	  large	  difference	  in	  the	  factor	  of	  safety	  value	  for	  position	  12	  compared	  to	  its	  neighbouring	  positions.	  	  The	  analyses	  that	  produce	  inconsistent	  results	  require	  further	  individual	  interpretation	  to	  explain	  the	  differences,	  but	   the	   general	   behaviour	   of	   each	   group	   should	   be	   identified	   first	   as	   reference	   for	   the	  inconsistent	  results.	  The	   differences	   in	   soil	   and	   pile	   behaviour	   for	   each	   group	   are	   not	   visible	   only	   in	   the	   two	  measures	  of	  slope	  stability,	  time	  to	  failure	  and	  factor	  of	  safety.	   	  The	  displacements	  and	  strains	  contours	  within	  the	  slope	  will	  show	  the	  final	  failure	  mechanism	  of	  the	  analysis,	  Figure	  7.5	  and	  Figure	   7.6.	   	   The	   pile	   behaviour	   can	   be	   studied	   in	   terms	   of	   displacements,	   bending	   moment,	  shear	  and	  axial	  forces.	  	  For	  line	  graphs	  presenting	  the	  results	  for	  these	  26	  analyses,	  the	  analyses	  will	   be	   coloured	   by	   their	   groups	   to	   identify	   group	   rather	   than	   individual	   behaviour.	   	   The	  analyses	  bordering	  groups	  3	  to	  4	  and	  4	  to	  5	  (positions	  14,	  15,	  20	  and	  21)	  will	  be	  highlighted	  to	  study	  the	  presence	  of	  a	  transition	  zone	  between	  two	  mechanisms.	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Figure	  7.3	  A	  comparison	  of	  measures	  of	  stability	   for	  analyses	  with	  15m	  long,	  0.9m	  diameter	  piles	   in	  varied	   locations	  between	  the	  toe	  and	  crest	  of	   the	  slope:	   time	  for	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Figure	  7.4	  Evaluating	  the	  relationship	  between	  the	  time	  to	  failure	  and	  factor	  of	  safety	  for	  analyses	  with	  consolidation	  to	  completion	  and	  factor	  of	  safety	  evaluated	  after	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Figure	  7.5	  Incremental	  displacement	  vectors	  for	  the	  final	  increment	  of	  the	  analysis,	  for	  the	  analyses	  with	  a	  pile	  in	  the	  first	  25	  positions	  of	  dimensions	  15m	  long,	  0.9m	  
diameter	  piles	  in	  varied	  locations	  between	  the	  toe	  and	  crest	  of	  the	  slope.	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Figure	  7.6	  Accumulated	  plastic	  deviatoric	  strain	  contours	  for	  the	  final	  increment	  of	  the	  analysis,	  for	  the	  pile	  in	  various	  positions	  between	  the	  toe	  and	  crest	  of	  the	  slope.	  	  
The	  pile	  is	  15m	  long	  with	  a	  0.9m	  diameter.	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7.3.1. Mechanism	  1	  –	  upslope	  failure	  reducing	  slope	  stability	  Mechanism	  1	  only	  occurs	  at	  the	  toe	  of	  the	  slope	  in	  position	  1,	  but	  could	  also	  occur	  if	  the	  pile	  was	  placed	  inside	  the	  base	  of	  the	  excavation.	  	  Failure	  of	  the	  slope	  occurs	  upslope	  of	  the	  pile,	  Figure	  7.5(a).	  	  The	  placement	  of	  the	  pile	  decreases	  the	  time	  to	  slope	  failure	  by	  3	  years	  compared	  to	  the	  no-­‐pile	   analysis,	   Figure	   7.3	   and	   Figure	   7.7.	   	   The	   presence	   of	   the	   pile	   suppresses	   the	   soil	  movements	  at	  the	  toe	  of	  the	  slope,	  concentrating	  soil	  movement	  into	  a	  single	  slip	  surface.	  	  The	  low	  development	  of	  smaller	  strains	  and	  small	  slip	  surfaces	  in	  this	  zone	  compared	  to	  the	  no-­‐pile	  analysis,	  Figure	  7.8(b)	  to	  (a),	  could	  explain	  the	  faster	  slope	  failure.	  	  The	  pile	  in	  this	  location	  has	  the	   lowest	   accumulated	   displacement	   of	   all	   the	   26	   potential	   locations,	   in	   terms	   of	   both	  horizontal	  and	  absolute	  displacement	  of	   the	  pile	  elements,	  Figure	  7.9.	   	  Some	  movement	  of	   the	  pile	  has	  occurred	  by	  the	  end	  of	  the	  analysis,	  comparison	  of	  the	  purely	  horizontal	  and	  absolute	  displacements	   shows	   that	   a	   large	   amount	   of	   vertical	   displacement	   of	   the	   pile	   occurred.	   	   The	  strain	  contours,	  that	  form	  a	  ‘v’	  beneath	  the	  base	  of	  the	  pile,	  Figure	  7.8(b),	  are	  not	  developed	  as	  a	  result	   of	   the	   soil	   displacements	   of	   the	   failure	   mechanism,	   as	   demonstrated	   by	   Figure	   7.8(c).	  	  	  They	  do	  provide	  a	  mechanism	   for	   the	  vertical	  movement	  of	   the	  pile.	   	  This	   location	  of	   the	  pile	  does	   result	   in	   the	   largest	   induced	   axial	   forces	   of	   the	   26	   pile	   locations,	   Figure	   7.10(a).	   	   The	  bending	   moment	   developed	   in	   the	   pile	   is	   comparable	   in	   magnitude	   to	   mechanism	   4,	   but	   in	  shape	   to	   mechanism	   2,	   Figure	   7.11.	   	   This	   indicated	   that	   the	   pile	   in	   position	   1	   and	   the	  surrounding	  soil	  are	  interacting,	  but	  the	  slope	  dimensions	  assumed	  in	  these	  analyses	  lead	  to	  a	  critical	  failure	  behind	  the	  pile	  before	  the	  stabilising	  action	  of	  the	  pile	  can	  be	  employed.	  	  
7.3.2. Mechanism	  5	  –	  downslope	  failure	  without	  pile	  interaction	  The	  other	  pile	  mechanism	   that	  only	  has	  a	   small	   improvement	   in	   stability	   is	  mechanism	  5,	   for	  pile	   positions	   21	   to	   the	   crest	   of	   the	   slope.	   	   A	   pile	   placed	   in	   these	   positions	   provides	   a	   small	  increase	  in	  time	  to	  failure	  of	  between	  5	  and	  23	  years	  and	  a	  factor	  of	  safety	  value	  (after	  30	  years	  consolidation)	   of	   less	   than	   1.07.	   	   The	   strain	   contour	   plot	   indicates	   there	   is	   very	   little	  involvement	  of	   the	  pile	   in	   the	   failure	  mechanism,	  Figure	  7.8(j).	   	  The	  axial	   forces,	   shear	   forces	  and	  bending	  moments	  are	  smaller	  compared	  to	  mechanisms	  2	  to	  4,	  Figure	  7.10	  and	  Figure	  7.11,	  are	   further	  demonstration	  of	   the	  reduced	  pile	  and	  soil	   interaction.	   	  Slope	   failure	  occurs	  down	  slope	  of	  the	  pile,	  Figure	  7.8(k)	  and	  the	  pile	  effectively	  reduces	  the	  height	  of	  the	  slope	  by	  up	  to	  2.4m,	  but	  sufficient	  height	  remains	  for	  failure	  of	  the	  slope	  to	  occur	  without	  the	  contribution	  of	  the	  mass	  behind	   the	  pile	   to	   increase	   the	  destabilising	   force.	   	  The	  displacement	  of	   the	  pile	   is	  a	  little	   more	   than	   in	   mechanism	   1,	   Figure	   7.9,	   however	   the	   similarity	   of	   the	   horizontal	   and	  absolute	   results	   indicates	   there	  was	   very	   little	   vertical	  movement	   and	   the	   pile	  moved	   almost	  entirely	  horizontally	  by	  between	  0.25	  and	  0.55m.	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Figure	  7.7	  Comparing	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  26	  analyses	  with	  15m	  long,	  0.9m	  diameter	  piles	  in	  varied	  locations	  between	  the	  toe	  and	  
crest	  of	  the	  slope.	  	  Colours	  correspond	  to	  mechanism	  type.	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Figure	  7.8	  Accumulated	  local	  plastic	  deviatoric	  strain	  contours	  at	  failure	  and	  incremental	  displacement	  vectors	  for	  the	  final	  increment	  for	  (a)	  no-­‐pile	  analysis	  (b)	  to	  (k)	  
an	  example	  for	  each	  mechanism	  of	  pile	  and	  slope	  failure	  depending	  on	  pile	  location	  for	  15m	  long,	  0.9m	  diameter	  piles.	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Figure	  7.9	  The	  effect	  of	  pile	  position	  between	  the	  toe	  and	  crest	  of	  the	  slope	  on	  the	  accumulated	  displacement	  of	  the	  15m	  long,	  0.9m	  diameter	  pile	  for	  the	  final	  converged	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Figure	  7.10	  The	  effect	  of	  pile	  position	  between	  the	  toe	  and	  crest	  of	  the	  slope	  on	  the	  forces	  induced	  in	  the	  15m	  long,	  0.9m	  diameter	  pile	  at	  the	  end	  of	  the	  analysis	  (a)	  axial	  

























Induced	  Axial	  Force	  in	  Pile	  (kN)	  






























Induced	  Shear	  Force	  in	  Pile	  (kN)	  






	  	  	  
412	  
	  


























Induced	  Bending	  Moment	  in	  Pile	  (kNm)	  





	  	  	   413	  
7.3.3. Transition	  zone	  –	  between	  mechanism	  4	  to	  5	  The	  mechanism	  5	  failure	  mode	  applies	  to	  piles	  in	  positions	  21	  to	  26.	   	  Time	  to	  slope	  failure	  for	  analyses	   in	   positions	   20	   and	   21	   are	   very	   similar,	   however	   they	   are	   placed	   in	   different	  mechanism	  groups	  by	  Figure	  7.4	  and	   the	   change	   in	   factor	  of	   safety	   shown	   in	  Figure	  7.3.	   	  The	  results	  for	  these	  two	  analyses	  are	  labelled	  in	  Figure	  7.9	  to	  Figure	  7.11	  and	  are	  given	  a	  different	  colour	  to	  the	  rest	  of	  their	  groups.	  	  The	  displacement	  results,	  Figure	  7.9,	  clearly	  show	  that	  these	  mechanisms	  belong	  in	  their	  selected	  groups.	  	  The	  similarity	  of	  behaviour	  of	  piles	  in	  positions	  20	  and	  21	   to	   the	   rest	   of	   their	   groups	   and	  not	   each	  other	   is	   also	   visible,	   although	   less	   obvious	   in	  Figure	  7.10(b)	  and	  Figure	  7.11.	  	  It	  can	  therefore	  be	  concluded	  that	  positions	  20	  and	  21	  are	  not	  within	  a	  transition	  zone	  between	  mechanism	  4	  and	  5	  and	  if	  such	  a	  zone	  exists	  it	  covers	  less	  than	  the	  1.2m	  spacing	  of	  the	  two	  positions.	  	  	  
7.3.4. Mechanism	  4	  –	  downslope	  failure	  with	  pile	  interaction	  In	  mechanism	  4,	  the	  slope	  failure	  still	  occurs	  downslope	  of	  the	  pile,	  Figure	  7.8(i).	  	  Compared	  to	  mechanism	  5	  there	  is	  a	  larger	  increase	  in	  time	  to	  failure	  of	  the	  slope	  from	  40	  years	  to	  between	  57	  and	  98	  years	  after	  excavation,	  Figure	  7.3.	  	  This	  is	  still	  probably	  an	  inadequate	  improvement	  in	  stability	  for	  the	  required	  lifetime	  of	  transport	  slopes.	  	  There	  is	  also	  a	  slight	  increase	  in	  factor	  of	   safety	   values	   to	   between	   1.086	   and	   1.122	   compared	   to	   values	   from	   1.035	   to	   1.068	   for	  mechanism	  5.	  	  	  The	  increase	  in	  stability	  and	  difference	  between	  failure	  mechanisms	  4	  and	  5	  are	  likely	  due	  to	   the	   involvement	  of	   the	  pile	   in	   the	   failure	  mechanism	  for	  positions	  15	  to	  20.	   	  The	  development	   of	   strains	   in	   the	   soil	   behind	   the	   pile	   is	   visible	   in	   the	   strain	   contours	   in	   Figure	  7.8(h)	  indicating	  pile	  movement	  and	  stress	  or	  strain.	   	  The	  displacements	  of	  mechanism	  4	  piles	  are	   mostly	   horizontal	   with	   very	   little	   difference	   between	   the	   accumulated	   horizontal	   and	  absolute	  values	  at	  failure,	  Figure	  7.9.	  	  This	  is	  similar	  to	  the	  behaviour	  for	  mechanism	  5,	  but	  the	  values	  are	  greater	  in	  magnitude.	  	  There	  is	  also	  a	  larger	  difference	  in	  horizontal	  movement	  at	  the	  top	   and	   bottom	   of	   the	   pile,	   approximately	   0.1m	   differences	   for	   mechanism	   5	   and	   0.35m	  differences	  for	  mechanism	  4	  analyses.	   	  The	  shear	  force	  and	  bending	  moment	  distributions	  are	  also	  larger	  than	  mechanism	  5,	  Figure	  7.10(b)	  and	  Figure	  7.11.	  	  	  The	   development	   of	   displacements	   and	   bending	  moment	   distributions	   of	   the	   piles	   over	   time	  provides	  further	  insight	  into	  the	  interaction	  of	  the	  pile	  and	  soil,	  shown	  for	  position	  17	  in	  Figure	  7.12	  and	  Figure	  7.13.	  	  Almost	  half	  of	  the	  movement	  of	  the	  pile	  occurs	  in	  the	  first	  10	  years	  after	  the	   slope	   excavation	   and	   pile	   placement,	   Figure	   7.12.	   	   There	   is	   always	   greater	   accumulated	  displacement	  of	  the	  pile	  near	  the	  surface	  than	  at	  the	  base,	  creating	  a	  positive	  bending	  moment	  distribution,	   Figure	   7.13.	   	   The	   difference	   between	   displacements	   at	   the	   surface	   and	   base	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increases	   until	   40	   years.	   	   This	   time	   corresponds	   to	   the	   largest	   bending	   moment	   with	   a	  maximum	   of	   230kNm.	   	   The	   pile	   then	   translates	   horizontally,	   with	   a	   small	   increase	   in	   the	  difference	  between	  the	  displacements	  of	  the	  surface	  and	  base	  end	  of	  the	  pile	  until	  slope	  failure,	  Figure	  7.12.	  	  The	  faster	  increase	  in	  displacement	  at	  the	  top	  of	  the	  pile	  explains	  the	  change	  in	  the	  shape	   of	   the	   bending	  moment	   to	   the	   distribution	   reached	   at	   failure,	   Figure	   7.13.	   	   There	   is	   a	  gradual	  transition	  between	  40	  years	  and	  failure	  from	  the	  domed	  shape	  of	  the	  distribution	  at	  40	  years	  to	  the	  low	  values	  with	  a	  small	  positive	  peak	  distribution	  at	  failure.	  	  The	  movement	  of	  the	  unstable	  mass	  of	  the	  soil	  in	  front	  of	  the	  top	  of	  the	  pile	  would	  reduce	  the	  support	  in	  this	  region	  and	  could	  explain	  the	  low	  bending	  moment	  in	  the	  top	  half	  of	  the	  pile,	  Figure	  7.13.	  Within	   the	  mechanism	  4	   results,	   for	  positions	  16,	  17	  and	  20,	   the	   time	   to	   failure	  and	   factor	  of	  safety	  values	  are	  higher	  than	  for	  positions	  18	  and	  19.	   	  There	  is	  a	  deeper	  slip	  surface	  shown	  in	  Figure	  7.8(h)	  for	  location	  17,	  but	  also	  common	  to	  analyses	  for	  locations	  16	  and	  20.	  	  These	  three	  analyses	  also	  have	  a	  larger	  time	  to	  failure	  and	  factor	  of	  safety	  value	  compared	  to	  the	  other	  three	  analyses	  in	  the	  group.	  	  The	  development	  this	  slip	  surface	  could	  explain	  the	  increased	  stability	  as	  some	  of	  the	  stresses	  of	  the	  soil	  are	  released	  in	  the	  concentration	  of	  strain	  in	  this	  mechanically	  nonviable	  slip	  surface.	   	  The	   time	   to	   failure	  and	   factor	  of	   safety	   for	  Position	  15	  are	   lower	   than	  positions	  16	  and	  17	  and	  the	  strain	  contours	  show	  there	  is	  no	  development	  of	  a	  deeper	  third	  slip	  surface	  to	  explain	  this	  response,	  Figure	  7.14(e)	  and	  (f).	  	  	  	  
7.3.5. Transition	  zone	  –	  between	  mechanism	  3	  to	  4	  The	  behaviour	  of	  the	  analysis	  for	  position	  15	  should	  be	  considered	  with	  reference	  to	  position	  14	  to	  assess	  the	  presence	  of	  a	  mechanism	  transition	  zone	  between	  mechanisms	  3	  and	  4.	  	  The	  slope	  failure	  mechanism	  of	  position	  14	  is	  downslope	  of	  the	  pile,	  Figure	  7.5(n)	  and	  Figure	  7.14(d).	  	  The	  factor	  of	  safety	  and	  time	  results	  place	  position	  14	  and	  15	  in	  mechanisms	  3	  and	  4	  respectively,	  Figure	   7.4.	   	   	   The	   plots	   of	   accumulated	   local	   plastic	   deviatoric	   strain	   for	   positions	   14	   and	   15,	  Figure	  7.14(b)	  and	  (e),	   show	  a	  different	  distribution	   to	   the	  mechanism	  3	  distributions,	  Figure	  7.8(f)	  and	  Figure	  7.14(a)	  and	  the	  mechanism	  4	  distributions,	  Figure	  7.8(h)	  and	  Figure	  7.14(f).	  	  The	  results	  of	  position	  14	  and	  15	  have	  been	  highlighted	  and	  labelled	  in	  Figure	  7.9	  to	  Figure	  7.11.	  	  	  The	  pile	  displacements	  for	  position	  15	  are	  similar	  in	  shape	  to	  the	  mechanism	  4	  results,	  with	  a	  larger	  displacement	  at	  the	  surface	  and	  greater	  difference	  between	  the	  top	  and	  base	  of	  the	  pile.	  	  The	  displacements	  for	  position	  14	  are	  different	  to	  both	  mechanism	  3	  and	  4.	  	  The	  pile	  in	  position	  14	  undergoes	  less	  rotation	  than	  mechanism	  3,	  with	  a	  smaller	  difference	  between	  the	  base	  and	  top	  of	  pile	  movements	  and	  between	   the	  horizontal	  and	  absolute	  displacement	  measurements.	  	  The	   analysis	   for	   position	   14	   has	  more	   horizontal	   movement	   of	   the	   pile	   base	   than	   any	   other	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analysis	  and	  the	  small	  amount	  of	  vertical	  movement	  shows	  that	   the	  pile	   is	  mostly	  undergoing	  horizontal	   translation.	   	   This	   indicates	   a	   large	   movement	   of	   the	   soil	   in	   front	   of	   the	   pile	   to	  facilitate	   this	   horizontal	   translation.	   	   The	   15m	   length	   of	   the	   pile	   at	   positions	   14	   is	   at	   just	  sufficient	  depth	  for	  the	  deeper	  of	  the	  slip	  surfaces	  forming	  at	  the	  toe	  of	  the	  slope	  to	  interact	  with	  the	  base	  of	   the	  pile,	   Figure	  7.14(b).	   	   This	   is	   the	  deeper	  of	   the	   two	   slip	   surfaces	  of	   the	  no-­‐pile	  analysis,	  Figure	  7.8(a).	  	  	  This	  pile	  and	  slip	  surface	  interaction	  would	  permit	  the	  larger	  horizontal	  displacements	  at	  the	  toe	  of	  the	  pile.	  There	  is	  sufficient	  distance	  between	  the	  pile	  and	  toe	  of	  the	  slope	  in	  the	  analysis	  with	  position	  14	  for	  the	  shallow	  slip	  surface	  to	  become	  critical	  and	  soil	  movement	  occurs	  in	  front	  of	  the	  pile,	  with	  behaviour	   comparable	   to	  mechanism	  4,	  Figure	  7.14(d)	  and	   (g)	   to	   (h).	   	  The	   strain	  distribution	  plots	   show	   large	   strains	  of	   the	   soil	   behind	   the	  pile	   for	  position	  14	  and	  15,	   comparable	   to	   the	  mechanism	   3	   behaviour,	   Figure	   7.14(b)	   and	   (e)	   to	   (a).	   The	   greater	   pile	   movement	   and	  development	  of	  higher	   strains	   at	   the	  pile	   toe	  explain	   the	  higher	  value	   for	   factor	  of	   safety	   and	  time	   to	   failure	   for	   position	   14,	   compared	   to	   the	   surrounding	   positions.	   	   The	   analysis	   with	  position	  15	  then	  places	  the	  pile	  1.2m	  further	  from	  the	  toe	  allowing	  failure	  of	  the	  soil	  downslope	  of	  the	  pile	  to	  occur	  earlier	  and	  without	  the	  same	  level	  of	  pile	  toe	  and	  slip	  surface	  interaction	  as	  position	  14.	  	  	  The	   bending	  moment	   distributions	   and	   corresponding	   shear	   force	   distribution	   developed	   for	  position	  14	  and	  15	  are	  a	  transition	  in	  shape	  and	  magnitude	  from	  mechanism	  3	  to	  4,	  Figure	  7.11.	  	  The	   displacement	   of	   the	   pile	   can	   be	   explained	   from	   the	   interaction	   of	   the	   pile	   and	  concentrations	  of	  strain.	   	  This	  behaviour	  indicates	  a	  zone	  of	  transition	  around	  position	  14	  and	  15.	   	   It	   also	   highlights	   the	   dependence	   of	   the	  mechanism	   and	   strain	   development	   on	   the	   pile	  length,	  this	  will	  be	  explored	  in	  further	  detail	  in	  Section	  7.4.	  	  
7.3.6. Mechanism	  3	  –	  upslope	  and	  downslope	  failure	  Unlike	  mechanisms	  1,	  4	  and	  5,	  both	  mechanisms	  2	  and	  3	  do	  provide	  a	  significant	  improvement	  in	   time	   to	   failure,	  with	   ranges	  of	  203	   to	  224	  and	  120	   to	  163	  years	   respectively	  prior	   to	   slope	  failure.	  	  The	  movement	  of	  the	  pile	  in	  these	  analyses	  is	  an	  integral	  part	  of	  the	  failure	  mechanism,	  Figure	  7.8(e)	  and	  (g).	  	  As	  can	  be	  seen	  in	  Figure	  7.9,	  the	  horizontal	  movements	  of	  the	  piles	  at	  the	  surface	   and	   absolute	   displacements	   of	   the	   piles	   are	   larger	   for	   mechanisms	   2	   and	   3.	   	   The	  differences	  between	  displacements	  at	   the	  base	  and	   top	  of	   the	  piles	  are	  also	  greatest	   for	   these	  two	  mechanisms.	   	  The	  movement	  of	   the	  piles	  occurs	  due	  to	  the	   force	   from	  the	  soil	  upslope	  or	  the	  movement	  of	  soil	  downslope	  reducing	  support	  in	  front	  of	  the	  pile.	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In	   mechanism	   3	   it	   is	   a	   combination	   of	   upslope	   and	   downslope	   failure	   of	   the	   soil.	   	   Large	  concentrations	   of	   strain	   have	   formed	   downslope	   of	   the	   piles	   in	   the	   same	   area	   as	   the	   no-­‐pile	  analysis	   Figure	   7.8(a).	   	   Movements	   of	   soil	   in	   this	   area	   contribute	   to	   slope	  movement,	   Figure	  7.8(g)	  and	  this	  is	  the	  reason	  for	  a	  smaller	  time	  to	  failure	  than	  mechanism	  2.	  	  The	  soil	  movements	  in	   this	   area	   lead	   to	   the	   pulling	   out	   of	   the	   pile,	   as	   can	   be	   determined	   from	   the	   variation	   of	  displacements	   over	   time,	   Figure	   7.15.	   	   The	   differences	   between	   the	   horizontal	   and	   absolute	  displacements	   show	   that	   there	   is	   vertical	   displacement	   at	   the	   top	   and	   bottom	   of	   the	   pile,	  although	  almost	  twice	  as	  much	  at	  the	  bottom	  of	  the	  pile	  than	  the	  top.	  	  At	  the	  bottom	  of	  the	  pile	  there	  is	  a	  negligible	  increase	  in	  horizontal	  displacements	  after	  the	  first	  10	  years,	  therefore	  the	  increase	  in	  absolute	  displacements	  at	  the	  base	  is	  due	  to	  vertical	  movement	  of	  the	  pile.	  	  Most	  of	  the	   absolute	   displacements	   at	   the	   top	   of	   the	   pile	   are	   due	   to	   the	   horizontal	   component.	   	   This	  means	  that	  the	  movements	  of	  the	  soil	  push	  the	  top	  of	  the	  pile	  horizontally	  downslope	  and	  pull	  the	  base	  of	  the	  pile	  up	  vertically	  to	  accommodate	  this	  horizontal	  movement.	  	  	  The	  evolution	  of	  the	  bending	  moment	  distributions	  over	  time	  supports	  this	  sequence	  of	  events	  for	  mechanism	  3	  with	  the	  pile	  in	  position	  9,	  Figure	  7.16.	  	  First	  the	  horizontal	  movements	  at	  the	  top	  of	  the	  pile	  result	  in	  the	  bending	  moments	  for	  the	  first	  30	  years.	   	  Then	  as	  the	  bottom	  of	  the	  pile	  moves	  vertically	  up,	  the	  negative	  bending	  moments	  in	  the	  bottom	  half	  of	  the	  soil	  increase.	  	  At	  the	  same	  time,	  the	  top	  of	  the	  pile	  continues	  to	  move	  horizontally	  and	  as	  the	  soil	  in	  front	  of	  it	  moves	  downslope	   the	   support	   in	   this	   area	   is	   reduced,	   resulting	   in	   a	   reduction	  of	   the	  positive	  bending	  moments	   in	  the	  top	  half	  of	   the	  piles.	   	  This	  pile	  movement	  creates	  the	   largest	  bending	  moments	  of	  all	  the	  mechanisms	  at	  almost	  400kNm	  for	  the	  analysis	  with	  a	  pile	  in	  position	  13.	  The	  axial	  and	  shear	   forces	  at	   the	  base	  of	   the	  pile	   for	  mechanism	  2	  and	  3,	  Figure	  7.10,	   show	  a	  large	  build	  up	  of	   force	  over	  a	  short	  depth.	   	   In	  this	  area,	  Figure	  7.8	  shows	  the	  formation	  of	  slip	  surfaces	  and	  complex	  soil	  movements.	   	  The	  single	  beam	  element	  representing	   the	  base	  of	   the	  pile	  meets	  the	  4	  surrounding	  soil	  elements	  at	  a	  single	  node,	  providing	  a	  crude	  approximation	  of	  the	   soil	   and	   pile	   interaction	   in	   this	   zone.	   	   Further	   element	   refinement	   in	   this	   area	  would	   be	  necessary	   to	   capture	   the	   behavior	   of	   the	   pile	  more	   accurately	   and	   realistically.	   	   To	   employ	   a	  more	   refined	  mesh	   in	   the	   investigation	  of	  pile	  position	  and	   length	  would	  greatly	   increase	   the	  numerical	  cost	  of	  every	  analysis.	   	  The	  relatively	  large	  axial	  forces	  at	  the	  bottom	  of	  the	  pile	  are	  not	   sufficiently	   large	   to	   indicate	   vertical	   failure	   of	   the	   pile	   at	   this	   location	   and	   the	   bending	  moment	  diagram	  in	  Figure	  7.11	  shows	  very	  small,	  almost	  zero	  bending	  moments	  at	  the	  base	  of	  the	  pile.	   	  As	   the	  piles	  are	  not	  axially	   loaded	  and	  the	   focus	  of	   these	   investigations	   is	   the	   lateral	  pile	  and	  soil	  interaction,	  further	  investigation	  of	  the	  axial	  forces	  and	  soil	  behavior	  at	  the	  base	  of	  the	  pile	  was	  not	  carried	  out	  for	  this	  project.	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7.3.7. Mechanism	  2	  –	  upslope	  failure	  In	   mechanism	   2,	   sufficient	   soil	   is	   present	   behind	   the	   pile	   locations	   2	   to	   6	   to	   move	   the	   pile	  downslope	  and	  form	  a	  slip	  surface	  upslope.	  	  In	  this	  case,	  the	  incremental	  displacement	  vectors	  at	   failure,	   Figure	   7.5,	   do	   not	   fully	   demonstrate	   the	   processes	   that	   lead	   to	   failure	   of	   the	   slope.	  	  The	  displacements	  of	   the	  pile	  and	  strains	  developed	   in	   the	   soil	   can	  aid	   the	  explanation	  of	   the	  mechanism	  2	  failure	  and	  the	  reason	  for	  the	  extended	  stability	  of	  the	  stabilised	  slope.	  	  The	  piles	  in	  mechanism	  2	  have	  similar	  horizontal	  displacement	  to	  mechanism	  3,	  Figure	  7.9(a),	  but	  have	  larger	   absolute	   displacements,	   Figure	   7.9(b).	   	   This	   indicates	   that	  mechanism	   2	   piles	   undergo	  more	   vertical	  movement.	   	   The	   strain	   contours	   for	   this	  mechanism,	   Figure	   7.8(d),	   show	   large	  strains	  along	  two	  intersecting	  surfaces	  forming	  a	   ‘v’	  beneath	  the	  base	  of	   the	  pile.	   	  The	  vertical	  movement	  of	  the	  pile	  could	  be	  facilitated	  and	  indicated	  by	  the	  concentration	  of	  strains	  on	  these	  two	  surfaces.	  	  The	  development	  of	  accumulated	  displacement	  of	  the	  pile	  over	  time,	  Figure	  7.17,	  shows	  that	  the	  base	  of	  the	  pile	  is	  only	  undergoing	  vertical	  movement	  during	  the	  first	  80	  years	  after	  excavation	  and	  pile	  placement.	   	  The	   top	  of	   the	  pile	   is	  moving	  vertically	  and	  horizontally.	  The	  20	  to	  80	  year	  period	  corresponds	  to	  a	  negative	  bending	  moment	  distribution	  with	  a	  single	  stationary	  point,	  Figure	  7.18	  caused	  by	   the	   larger	  relative	  horizontal	  movements	  at	   the	   top	  of	  the	  pile.	   	  After	  80	  years,	  the	  base	  of	  the	  pile	  then	  begins	  to	  move	  laterally	  as	  well	  as	  vertically,	  Figure	  7.17(a),	  corresponding	  to	  the	  formation	  of	  a	  positive	  bending	  moment	  in	  the	  lower	  half	  of	  the	  pile	  and	  a	  reduction	  in	  the	  positive	  bending	  moment	  of	  the	  top	  half	  of	  the	  pile,	  Figure	  7.18.	  	  This	  behaviour	  could	  be	  explained	  by	  the	  vertical	  movement	  of	  the	  base	  wedge	  of	  soil,	  caused	  by	  the	  horizontal	  movement	  of	  the	  upslope	  soil	  into	  the	  excavation.	  	  At	  failure	  the	  positive	  bending	  moment	  decreases	  and	  the	  negative	  bending	  moment	  reduces,	  Figure	  7.18.	  	  This	  is	  not	  due	  to	  a	  sudden	  increase	  in	  the	  horizontal	  displacement	  of	  the	  top	  of	  the	  pile,	  Figure	  7.17,	  but	  could	  be	  caused	  by	  the	  increased	  pressure	  from	  the	  movement	  of	  the	  soil	  upslope	  of	  the	  pile.	  This	  mechanism	  provides	  the	  highest	  contribution	  to	  stability,	  because	  it	  would	  take	  more	  effort	  to	   cause	  movement	   of	   the	   soil	   on	   these	   slip	   surfaces,	  whilst	  working	   against	   gravity	   and	   the	  weight	   of	   the	   soil	   within	   the	   wedge.	   	   In	   the	   slopes	   modelled	   here,	   no	   structures	   are	   placed	  within	  the	  base	  of	  the	  excavation.	   	   If	  this	  slope	  were	  an	  infrastructure	  slope,	  with	  a	  railway	  or	  road	   in	   the	  base,	   these	   structures	  would	  provide	   a	   stiff	   layer	   and	   extra	   loading,	  which	  would	  further	  resist	  the	  formation	  of	  this	  mechanism.	  	  This	  would	  make	  piles	  placed	  in	  mechanism	  2	  locations	  even	  more	  efficient	  at	  extending	  the	  life	  of	  the	  slope.	  	  The	  displacements	  of	  the	  pile	  are	  quite	   large	   and	   consideration	   should	   also	   be	   given	   to	   acceptable	   displacements	   during	   the	  lifetime	  of	  the	  slope.	   	  This	  may	  make	  mechanism	  3	  preferable	  to	  mechanism	  2.	   	  An	  alternative	  design	   could	   consider	   two	   rows	   of	   piles	   within	   the	   slope.	   	   If	   these	   were	   in	   positions	  corresponding	  to	  mechanisms	  2,	  3	  or	  4,	  they	  could	  go	  someway	  to	  reducing	  the	  displacement	  of	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the	   piles	   and	  minimizing	   soil	   movement	   above	   and	   below	   the	   rows.	   	   	   This	   could	   potentially	  provide	  a	  permanently	  stable	  slope.	  	  
7.3.8. Potential	  role	  of	  gapping	  of	  soil	  around	  the	  pile	  The	  pile	  analyses	  described	  in	  this	  chapter	  use	  beam	  or	  solid	  elements	  to	  model	  the	  pile.	  	  These	  pile	   elements	   share	   displacement	   nodes	  with	   the	   surrounding	   soil	   elements.	   	   As	   the	   soil	   has	  tensile	   strength,	   soil	   movement	   could	   pull	   the	   pile	   with	   it	   as	   it	   moves.	   	   In	   reality,	   the	   soil	  downslope	   of	   a	   pile	   is	   not	   physically	   bonded	   to	   the	   pile	   and	   could	   pull	   away	   from	   the	   pile,	  without	  moving	   the	   structure.	   	   This	   gapping	   phenomenon	   could	   be	  modelled	   using	   interface	  elements	  as	  discussed	  in	  Section	  3.5.2.	  	  No	  analyses	  exploring	  the	  use	  of	  interface	  elements	  are	  presented	   here.	   The	   gapping	   between	   soil	   and	   pile	   could	   affect	   the	   pile	   response	   for	   the	  locations	  of	  mechanism	  4	  and	  5.	  	  For	  these	  two	  mechanisms,	  movement	  of	  the	  soil	  downslope	  of	  the	  pile	  is	  the	  critical	  failure	  mechanism.	  	  If	  the	  pile	  is	  not	  pulled	  downslope	  by	  the	  displacement	  connection	  of	  the	  pile	  and	  soil,	  then	  the	  pile	  response	  could	  be	  different.	   	  The	  remaining	  three	  mechanisms	  do	  not	   rely	  on	  movement	  of	   the	   soil	   downslope	  without	   compression	  of	   the	  pile	  from	  the	  soil	  upslope.	  	  Gapping	  of	  the	  soil	  in	  front	  of	  the	  pile	  is	  less	  likely	  for	  these	  mechanisms.	  	  As	  mechanisms	   2	   and	   3	   are	   the	   zones	   that	   provide	   the	  most	   efficient	   15m	   long	   stabilisation	  piles,	  the	  use	  of	  interface	  elements	  to	  model	  gapping	  is	  not	  crucial.	  	  
7.3.9. Factor	  of	  safety	  values	  -­‐	  after	  30	  years	  consolidation	  The	   factor	   of	   safety	   values	   presented	   in	   Figure	   7.3	   and	   Figure	   7.4	   did	   not	   correspond	   in	  sequence	   to	   the	   time	   to	   failure	   for	   the	   same	   pile	   position.	   	   The	   values	   did	   appear	   to	   be	  dependent	   on	   the	   failure	   mechanism,	   which	   makes	   the	   factor	   of	   safety	   value	   less	   useful	   to	  compare	   the	   relative	   stability	   improvement	   of	   each	   pile	   position.	   	   The	   factor	   of	   safety	   was	  evaluated	   30	   years	   after	   excavation	   of	   the	   slope	   and	   construction	   of	   the	   pile.	   	   This	   period	   of	  consolidation	   of	   30	   years	   was	   permitted	   to	   allow	   for	   sufficient	   pore	   water	   pressure	  redistribution	  to	  occur	  post	  excavation	  for	  the	  failure	  mechanism	  formed	  in	  the	  factor	  of	  safety	  analysis	  to	  be	  similar	  to	  the	  full	  time	  to	  failure	  analysis.	  	  The	  evaluation	  of	  factor	  of	  safety	  at	  the	  chosen	  stage	  may	  not	  be	  a	  useful	  measure	  for	  design,	  given	  the	  reduction	  of	  stability	  with	  time	  for	  a	  stiff	  clay	  cutting	  of	  the	  dimensions	  employed	  here.	  	  	  	  	  The	  improvement	  in	  factor	  of	  safety	  values	  after	  30	  years	  from	  1.017	  without	  a	  pile	  to	  over	  1.15	  when	  a	  pile	  is	  constructed	  after	  excavation	  is	  not	  a	  large	  increase	  in	  stability.	  	  In	  addition,	  all	  the	  analyses	  resulted	  in	  slope	  failure	  after	  a	  certain	  period	  of	  time,	  even	  if	  this	  was	  more	  than	  200	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years	  after	  excavation	  in	  some	  cases.	   	  It	  would	  be	  more	  useful	  and	  appropriate	  to	  evaluate	  the	  stability	  of	   the	  slope	  at	   the	  end	  of	   the	  required	  design	   life.	   	   If	   the	   factor	  of	   safety	  value	   is	   still	  above	  1.0	  at	  this	  stage,	  then	  failure	  of	  the	  slope	  has	  not	  occurred.	   	   	  The	  analyses	  assessing	  the	  complete	  time	  to	  failure	  for	  a	  certain	  pile	  position	  and	  dimensions	  could	  provide	  a	  more	  useful	  comparative	  measure	  of	  stability	  to	  assess	  the	  contribution	  of	  pile	  position	  to	  stability,	  as	   it	   is	  likely	  that	  not	  all	  pile	  positions	  would	  still	  be	  stable	  at	  the	  end	  of	  the	  design	  life	  of	  the	  slope.	  	  	  	  
7.3.10. Summary	  The	   presence	   of	   a	   single	   row	   of	   piles	   does	   not	   prevent	   soil	   movement,	   which	   occurs	   as	   a	  reaction	  to	  slope	  excavation	  and	  release	  of	  high	  lateral	  soil	  stresses.	  	  One	  row	  of	  piles	  does	  not	  stabilise	   a	   slope	  of	   these	  dimensions	   indefinitely.	   	   The	  pile	   is	  most	   effective	  when	   it	   interacts	  with	  the	  development	  of	  the	  slip	  surface	  and	  affects	  the	  failure	  mechanism.	  	  For	  the	  considered	  slope	  dimensions,	  this	  occurs	  in	  the	  bottom	  half	  of	  the	  slope,	  but	  not	  at	  the	  very	  toe	  of	  the	  slope.	  	  The	  piles	  placed	  in	  the	  top	  half	  of	  the	  slope	  create	  only	  marginal	  improvements.	  Construction	  of	  a	  pile	  does	  not	  provide	  a	  single	  stabilising	  action	  at	  the	  intersection	  with	  the	  critical	  slip	  surface	  of	   the	  unstabilised	   slope.	  Moreover,	   the	  pile	   is	  most	   effective	   in	   extending	   the	   stability	   of	   the	  slope	  when	  the	  failure	  mechanism	  is	  significantly	  altered	  by	  the	  presence	  of	  the	  pile.	  	  Designing	  the	  pile	  using	  the	  failure	  mechanism	  of	  the	  unstabilised	  slope	  could	  therefore	  result	  in	  an	  over-­‐design	  of	  the	  stabilisation	  system	  or	  missing	  of	  the	  critical	  failure	  mechanism.	  	  The	  pile	  should	  be	  designed	  to	  interact	  with	  all	  potentially	  critical	  slip	  surfaces.	  	  These	   analyses	   demonstrated	   that	   for	   stiff	   clay	   excavated	   slopes	   the	   pile	   should	   be	   placed	  between	  the	  midslope	  and	  the	  toe	  of	  the	  slope,	  although	  not	  exactly	  at	  the	  toe	  of	  the	  slope.	  	  The	  bending	   moments	   of	   the	   pile	   remained	   within	   acceptable	   values,	   Table	   7.2.	   	   The	   pile	   can	  therefore	  be	  designed	   to	  not	  develop	  a	  plastic	  hinge	  before	   failure	  of	   the	  slope	  occurs.	   	  These	  specific	   conclusions	   are	   only	   applicable	   for	   these	   slope	   dimensions,	   pile	   length	   and	   an	  unrestrained	  pile	  at	  the	  top	  and	  base.	   	  Only	  one	  row	  of	  piles	  is	  modelled,	  two	  or	  more	  rows	  of	  piles	  would	  create	  different	  slope	  and	  pile	  interactions.	  	  Reduced	  soil	  movement	  above	  the	  top	  row	  piles	  and	  below	  the	  bottom	  row	  of	  piles	  could	  potentially	  create	  a	  permanently	  stabilised	  slope.	   	  From	  these	  results	  it	  is	  clear	  that	  discovering	  the	  expected	  positions	  of	  different	  failure	  mechanisms	  would	  be	  an	  important	  part	  of	  pile	  design.	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Induced	  Bending	  Moment	  in	  Pile	  (kNm)	  
10	  years	  20	  years	  30	  years	  40	  years	  50	  years	  60	  years	  70	  years	  78.59	  years	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Figure	  7.14	  A	  comparison	  of	  the	  accumulated	  local	  plastic	  deviatoric	  strain	  contours	  and	  incremental	  displacement	  vectors	  at	  failure	  for	  positions	  13	  to	  16	  for	  analyses	  
with	  15m	  long,	  0.9m	  diameter	  vertical	  piles.	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Induced	  Bending	  Moment	  in	  Pile	  (kNm)	  
10	  years	  20	  years	  30	  years	  40	  years	  50	  years	  60	  years	  70	  years	  80	  years	  90	  years	  100	  years	  110	  years	  120	  years	  130	  years	  140	  years	  142.62	  years	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Induced	  Bending	  Moment	  in	  Pile	  (kNm)	  
20	  years	  40	  years	  60	  years	  80	  years	  100	  years	  120	  years	  140	  years	  160	  years	  185	  years	  205	  years	  215	  years	  224.14	  years	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 The	  Influence	  of	  Pile	  Length	  7.4.The	  relative	  positions	  of	  the	  base	  of	  the	  piles	  and	  the	  slip	  surfaces	  affect	  the	  interaction	  of	  the	  pile	   in	   the	   slope.	   	   When	   the	   pile	   interrupts	   the	   development	   of	   a	   slip	   surface	   it	   forces	   an	  alternative	   failure	   mechanism	   to	   form.	   	   The	   presence	   of	   a	   pile	   may	   also	   modify	   the	   existing	  failure	   mechanism,	   improving	   or	   reducing	   stability.	   	   The	   effects	   of	   this	   interaction	   were	  discussed	  in	  Section	  7.3.	  	  The	  different	  positions	  of	  a	  15m	  long	  pile	  between	  the	  toe	  and	  crest	  of	  the	  slope	  change	  the	  relative	  distance	  vertically	  and	  horizontally	  of	  the	  base	  of	  the	  pile	  and	  the	  high	  concentrations	  of	  strain	  formed	  in	  reaction	  to	  the	  excavation	  of	  the	  slope.	  	  The	  length	  of	  the	  pile	  will	  also	  change	  the	  relative	  position	  of	  the	  pile	  and	  slip	  surfaces	  and	  the	  variation	  of	  pile	  length	  is	  likely	  to	  have	  a	  significant	  influence	  on	  the	  stabilising	  effect	  of	  the	  pile.	  The	  set	  of	  analyses	  presented	  in	  this	  section	  are	  for	  a	  pile	  in	  position	  9	  with	  a	  variation	  of	  pile	  length.	  	  The	  analysis	  for	  the	  15m	  length	  vertical	  pile	  is	  the	  same	  analysis	  as	  presented	  in	  Section	  7.3	   for	   position	   9,	   Figure	   7.8(f)	   and	   (g).	   	   Additional	   analyses	   are	   presented	   varying	   the	   pile	  length	  from	  3m	  to	  12m	  at	  3m	  intervals	  and	  two	  longer	  pile	  lengths,	  18.28m	  and	  21.56m.	  	  These	  last	   two	   pile	   lengths	   are	   controlled	   by	   the	   size	   of	   the	   elements,	   which	   reflects	   the	   position	  between	  the	  toe	  and	  the	  crest	  of	  the	  slope.	  	  The	  first	  15	  elements	  below	  the	  excavation	  are	  1m	  in	  height;	  the	  remaining	  vertical	  length	  is	  divided	  between	  5	  elements.	  	  The	  18.28m	  pile	  employs	  17	  elements	  and	  the	  21.56m	  pile	  employs	  19	  elements,	   leaving	  4.92m	  and	  1.64m	  respectively	  between	  the	  base	  of	  the	  pile	  and	  the	  base	  of	  the	  mesh.	   	  The	  piles	  are	  placed	  immediately	  after	  excavation	  of	   the	  slope.	   	  The	  analyses	  employ	  coupled	  consolidation	  to	  model	   the	  response	  of	  the	  soil	  with	  time	  after	  excavation	  of	  the	  slope	  until	  failure	  of	  the	  slope	  and	  pile	  system.	  The	   variations	   of	   time	   to	   failure	   for	   each	   pile	   length	   are	   compared	   to	   the	   no-­‐pile	   analysis	   in	  Figure	  7.19.	   	  Constructing	  a	  pile	  3m	  or	  6m	  in	  length	  immediately	  after	  excavation	  reduced	  the	  stability	   of	   the	   slope	   by	   a	   quarter	   compared	   to	   not	   constructing	   a	   pile.	   	   A	   3m	   pile	   does	   not	  intersect	  the	  shallow	  slip	  surface	  and	  a	  6m	  pile	  barely	  intersects	  this	  surface,	  Figure	  7.20(b)	  and	  (c).	   The	   critical	   slip	   surface	   forms	   beneath	   the	   base	   of	   the	   pile	   in	   both	   case,	   Figure	   7.21.	   	   A	  comparison	   of	   horizontal	   and	   absolute	   displacements	   shows	   that	   the	   large	   change	   in	  displacement	  in	  the	  soil	  immediately	  below	  the	  pile	  is	  mostly	  horizontal,	  Figure	  7.22.	  	  The	  larger	  horizontal	   displacement	   at	   the	   base	   of	   the	   pile	   leads	   to	   the	   positive	   dome	   bending	   moment	  distributions,	   Figure	   7.23.	   The	   presence	   of	   the	   pile	   encourages	   the	   development	   of	   the	  shallowest	   slip	   surface,	   reducing	   the	   development	   of	   other	   slip	   surfaces,	   Figure	   7.20,	   and	  therefore	  the	  time	  to	  slope	  failure,	  Figure	  7.19.	  	  The	  9m	  length	  pile	  provides	  some	  improvement	  in	  the	  time	  to	  slope	  failure	  by	  forcing	  an	  increase	  in	  depth	  of	  the	  critical	  slip	  surface,	  but	  the	  slip	  surface	   still	   passes	   beneath	   the	   pile,	   Figure	   7.20(d).	   	   The	   pile	   is	   again	   translated	   horizontally	  within	  the	  unstable	  mass,	  Figure	  7.21	  and	  Figure	  7.22.	   	  The	  positive	  dome	  bending	  moment	  is	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formed	   for	   this	   pile	   in	   a	   similar	   shape	   to	   the	   3m	   and	   6m	   long	   piles,	   Figure	   7.23.	   	   The	  development	  of	  the	  bending	  moments	  over	  time,	  Figure	  7.24(b)	  to	  (d)	  also	  show	  the	  similarity	  for	  the	  three	  pile	  lengths.	   	  The	  axial	  forces	  in	  the	  pile	  remain	  low,	  although	  larger	  shear	  forces	  have	  begun	  to	  develop,	  Figure	  7.25.	  With	  a	  12m	  pile,	  a	  mechanically	  viable	  slip	  surface	  cannot	  form	  underneath	  the	  pile	  to	  translate	  it	  within	  the	  unstable	  mass,	  Figure	  7.20(e)	  and	  Figure	  7.21.	  	  The	  slip	  surface	  formed	  downslope	  of	  the	  pile	  and	  pressure	  from	  the	  soil	  behind	  the	  pile	  eventually	  causes	  sufficient	  bending	  of	  the	  pile	  for	  a	  slip	  surface	  to	  form	  upslope.	  	  This	  requires	  a	  longer	  period	  for	  development	  extending	  the	  stability	  of	  the	  slope	  until	  115	  years,	  Figure	  7.19.	   	  A	  further	  increase	  in	  pile	   length	  to	  15m	  increases	   the	   time	   to	   slope	   failure.	   	   This	   is	   likely	   to	   be	   due	   to	   the	   reduced	   movements	  downslope	   of	   the	   pile	   because	   the	   base	   of	   the	   15m	   pile	   is	   too	   deep	   to	   interact	   with	   soil	  movement	  at	   the	   toe	  of	   the	  slope	   in	   the	  same	  way	  as	   the	  12m	  pile,	  Figure	  7.20(f)	   to	   (e).	   	  The	  behaviour	  with	  pile	  length	  discussed	  here	  is	  only	  valid	  for	  position	  9	  in	  the	  slope.	   	  It	  would	  be	  expected	  for	  the	  impact	  of	  pile	  length	  to	  vary	  with	  location,	  reflecting	  the	  changing	  interaction	  of	  the	  pile	  and	  mechanically	  viable	  slip	  surfaces.	  The	  analyses	  with	  pile	  lengths	  18.28m	  and	  21.56m	  have	  the	  same	  failure	  mode	  as	  the	  15m,	  pile	  analysis,	  Figure	  7.20(g)	  and	  (h)	  compared	  to	  (f),	  but	  they	  do	  not	  follow	  the	  same	  pattern	  for	  an	  increase	  in	  time	  and	  pile	  length	  shown	  by	  previous	  analyses.	  	  The	  time	  to	  failure	  for	  the	  18.28m	  pile	  analysis	  is	  6	  years	  less	  than	  the	  15m	  pile	  and	  the	  21.56m	  pile	  delays	  the	  slope	  failure	  by	  an	  extra	  38	  years	  compared	  to	  the	  15m	  pile,	  Figure	  7.19.	  	  The	  pile	  displacements	  are	  very	  similar	  for	  the	  18m	  and	  21m	  pile	  analyses,	  Figure	  7.22,	  but	  the	  bending	  moments	  at	  failure,	  Figure	  7.23	  and	  development	   of	   bending	  moments	   over	   time	   are	   different	   to	   each	   other,	   Figure	   7.26	   and	  Figure	  7.27,	  and	  the	  15m	  pile	  analysis,	  Figure	  7.16.	  	  The	  difference	  in	  strain	  contours	  for	  these	  three	   analyses	  may	   provide	   some	   explanation	   for	   the	   varying	   bending	  moment	   distributions,	  Figure	  7.20(f)	  to	  (h).	  	  These	  plots	  emphasise	  the	  proximity	  of	  the	  base	  of	  the	  pile	  to	  the	  base	  of	  the	  mesh.	   	   Due	   to	   this	   proximity,	   the	   base	   interrupts	   the	   high	   strain	   concentrations	   that	   are	  involved	   in	  the	  movement	  of	   the	  base	  of	   the	  pile.	   	  The	  proximity	  of	   the	  mesh	  boundary	  to	  the	  base	  of	  the	  pile	  is	  likely	  to	  be	  influencing	  the	  development	  of	  strains	  in	  the	  soil	  and	  therefore	  the	  bending	  of	  the	  pile.	   	  Analyses	  with	  a	  deeper	  mesh	  would	  be	  able	  to	  assess	  this	  hypothesis,	  but	  the	  effect	  of	   the	  depth	  of	   the	   finite	  element	  mesh	   is	  not	  explored	   in	   the	  analyses	  presented	   in	  this	  chapter.	  The	   relative	  development	  of	   the	  highest	   strain	  at	   the	   toe	  of	   the	   slope	   could	  provide	  a	   further	  explanation.	   	   For	   a	   length	   of	   15m,	   the	   base	   of	   the	   pile	   is	   affected	   by	   the	   extension	   of	   a	   slip	  surface	   from	   the	   toe	  of	   the	   slope	   towards	   the	  base	  of	   the	  pile.	   	   	  The	   formation	  of	   this	   surface	  
	  	  	   429	  
causes	  a	  small	  vertical	  movement	  of	  the	  top	  of	  the	  pile,	  Figure	  7.22(b).	  	  The	  bases	  of	  the	  18.28m	  and	  21.56m	  piles	   are	   too	   deep	   for	   this	   interaction	   and	   instead	   the	   soil	   downslope	   of	   the	   pile	  forms	  a	  slip	  surface	  that	  only	  moves	  the	  top	  of	  the	  pile	  horizontally,	  Figure	  7.22(a)	  compared	  to	  (b).	  	  A	  deeper	  slip	  surface	  forms	  from	  further	  along	  the	  base	  of	  the	  excavation	  and	  interacts	  with	  the	   lower	   part	   of	   the	   18.28	   and	   21.56m	   piles.	   	   	   The	   two	  minimum	   stationary	   points	   on	   the	  bending	  moment	  distribution	  for	  these	  two	  piles	  at	  failure,	  Figure	  7.23	  form	  at	  the	  same	  depth	  for	   these	   two	   analyses.	   	   These	   strain	   concentrations	   in	   the	   soil	   could	   be	   responsible	   for	   the	  bending	  moment	  distribution	  formed.	  In	  conclusion,	   the	  pile	   is	  most	  effective	   in	  extending	  the	  stability	  of	   the	  slope	  when	  the	  failure	  mechanism	   is	   significantly	   altered	   by	   the	   presence	   of	   the	   pile.	   	   A	   suitable	   pile	   for	   slope	  stabilisation	   should	   be	   of	   sufficient	   length	   to	   avoid	   the	   formation	   of	   a	   deeper	   slip	   surface	  beneath	  the	  base	  of	  the	  pile,	  as	  was	  the	  case	  for	  the	  analysis	  with	  a	  9m	  long	  pile	  that	  provided	  only	  a	  marginal	  improvement	  in	  stability.	  	  For	  the	  position	  studied	  here,	  position	  9,	  once	  the	  pile	  reaches	  12m	  a	  mechanically	  viable	  slip	  surface	  cannot	  form	  to	  transport	  the	  whole	  length	  of	  the	  pile	  in	  an	  unstable	  mass.	  	  This	  length	  coincides	  with	  a	  sharp	  increase	  in	  the	  time	  to	  failure	  of	  the	  slope.	  The	  interaction	  of	  a	  vertical	  stabilisation	  pile	  and	  slope	  is	  complex.	   	  The	  pile	  length	  affects	  the	  bending	   behaviour	   of	   the	   pile	   and	   this	   in	   turn	   affects	   the	   stability	   provided	   by	   the	   pile.	   The	  analyses	   presented	   in	   this	   section	   again	   demonstrate	   that	   the	   construction	   of	   a	   pile	   does	   not	  provide	   a	   single	   stabilising	   action	   at	   the	   intersection	   with	   the	   critical	   slip	   surface	   of	   the	  unstabilised	  slope.	  	  To	  assess	  the	  most	  suitable	  length	  of	  the	  pile,	  the	  required	  design	  life	  of	  the	  pile	  is	  important,	  a	  longer	  pile	  will	  lead	  to	  larger	  bending	  moments,	  shear	  forces	  and	  axial	  forces	  compounding	   the	   construction	   costs	   of	   a	   longer	   pile.	   	   A	   shorter	   pile	   may	   provide	   sufficient	  improvement	  in	  stability.	  	  A	  longer	  pile	  may	  be	  unnecessary.	  	  Given	  the	  relative	  positions	  of	  the	  slip	   surfaces	   in	   the	   slope	   to	   the	   piles,	   a	   suitable	   pile	   length	  would	   change	   depending	   on	   the	  position	  of	  the	  pile	  between	  the	  toe	  and	  crest	  of	  the	  slope.	  	  Changing	  the	  pile	  position	  could	  be	  more	  effective	  than	  increasing	  the	  pile	  length.	  	  This	  would	  make	  the	  design	  process	  iterative	  to	  identify	  an	  optimal	  combination	  of	  pile	  position.	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Figure	  7.19	  Comparing	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  analyses	  with	  varying	  pile	  lengths	  with	  a	  diameter	  of	  0.9m	  and	  in	  position	  9	  between	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  excavation	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  (years)	  
L	  =	  3m	  L	  =	  6m	  L	  =	  9m	  L	  =	  12m	  L	  =	  15m	  L	  =	  18.28m	  L	  =	  21.56m	  No	  pile	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Figure	  7.20	  Accumulated	  local	  plastic	  deviatoric	  strain	  contours	  for	  the	  final	  increment	  of	  analyses	  with	  a	  variation	  in	  pile	  length	  of	  a	  0.9m	  diameter	  pile	  in	  position	  9.	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Figure	  7.21	  Incremental	  displacement	  vectors	  for	  the	  final	  increment	  of	  the	  analysis	  with	  a	  variation	  in	  pile	  length	  of	  a	  0.9m	  diameter	  pile	  in	  position	  9.	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Figure	  7.22	  The	  effect	  of	  pile	   length	  on	  the	  displacement	  of	  soil	   in	   front	  of	   the	  0.9m	  diameter	  pile	   in	  position	  9	  between	  the	  toe	  and	  crest	  of	   the	  slope.	  (a)	  horizontal	  

























Accumulated	  Horizontal	  Displacement	  (m)	  


























Accumulated	  Absolute	  Displacement	  (m)	  
(b)	  
	  	  	  
434	  
	  
Figure	  7.23	  The	  effect	  of	  pile	  length	  on	  the	  bending	  moment	  induced	  in	  the	  pile	  during	  the	  last	  increment	  of	  the	  analyses	  for	  piles	  of	  a	  varied	  length,	  a	  diameter	  of	  0.9m	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  Bending	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Figure	  7.24	  The	  variation	  of	  the	  bending	  moment	  of	  the	  pile	  over	  time	  for	  a	  pile	  of	  diameter	  0.9m	  in	  position	  9	  between	  the	  toe	  and	  crest	  of	  the	  slope	  and	  length	  (a)	  12m,	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Figure	  7.25	  The	  effect	  of	  pile	  length	  on	  the	  accumulated	  forces	  in	  the	  0.9m	  diameter	  pile	  in	  position	  9	  between	  the	  toe	  and	  crest	  of	  the	  slope	  during	  the	  final	  increment	  of	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Induced	  Bending	  Moment	  in	  Pile	  (kNm)	  
10	  years	  20	  years	  30	  years	  40	  years	  50	  years	  60	  years	  80	  years	  100	  years	  120	  years	  136.76	  years	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Induced	  Bending	  Moment	  in	  Pile	  (kNm)	  
10	  years	  20	  years	  30	  years	  40	  years	  50	  years	  60	  years	  80	  years	  100	  years	  120	  years	  140	  years	  160	  years	  180	  years	  180.67	  years	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 The	  Influence	  of	  Pile	  Diameter	  7.5.The	   diameter	   of	   the	   pile	   as	   well	   as	   changing	   the	   dimension	   of	   the	   structure	   changes	   the	  flexibility	   of	   the	   pile.	   	   As	   the	   piles	   presented	   in	   Sections	   7.3	   and	   7.4	   are	   shown	   to	   have	  undergone	   significant	   movement	   and	   induced	   bending	   moments,	   the	   flexibility	   of	   the	   pile	   is	  likely	   to	   be	   an	   influential	   aspect	   of	   the	   pile	   and	   soil	   interaction.	   	   The	   analyses	   presented	   in	  Sections	  7.3	  and	  7.4	  all	  model	  a	  pile	  with	  a	  diameter	  of	  0.9m.	  	  This	  value	  was	  chosen	  as	  it	  was	  within	  the	  range	  of	  values	  employed	  in	  examples	  of	  slope	  stabilisation	  piles	  (Smethurst,	  2003;	  Poulos,	  1995).	  	  It	  is	  also	  conveniently	  modelled	  by	  the	  0.3m	  wide	  solid	  elements	  of	  the	  midslope	  pile	  mesh	  layout,	  used	  for	  the	  beam	  and	  solid	  element	  pile	  investigation	  is	  presented	  in	  Section	  7.7.	  	  The	  diameter	  of	  the	  pile	  is	  varied	  in	  the	  analyses	  presented	  in	  this	  section	  to	  investigate	  the	  influence	   of	   diameter	   on	   pile	   behaviour	   and	   its	   interaction	   with	   a	   slope.	   	   Four	   additional	  diameters	  are	  used	  in	  this	  section:	  0.6m,	  1.2m,	  1.5m	  and	  1.8m.	  	  	  The	  diameter	  is	  used	  to	  calculate	  the	  area,	  A,	  and	  the	  second	  moment	  of	  inertia,	  I	  values,	  which	  are	   specified	   as	   properties	   for	   the	   beam	   elements	   used	   to	   model	   the	   piles,	   as	   discussed	   in	  Section	  7.2	  and	  shown	  in	  Table	  7.2.	  	  The	  A	  and	  I	  values	  are	  normalised	  by	  and	  therefore	  reliant	  on	   the	   spacing	   value.	   	   This	   is	  maintained	   at	   a	   ratio	   of	   three	   diameters	   in	   the	   analyses	   in	   this	  section,	   therefore	   the	   actual	   value	   for	   spacing	   changes	   as	   the	   diameter	   value	   changes.	   The	  impact	  of	  varying	  the	  spacing	  will	  be	  considered	  when	  examining	  the	  results.	   	   It	  would	  not	  be	  possible	  to	  choose	  a	  constant	  value	  for	  spacing	  that	  would	  allow	  the	  value	  to	  remain	  between	  2	  and	   5	   times	   the	   diameter	   for	   the	   range	   of	   diameters	   employed.	   The	   piles	   are	   constructed	  immediately	  after	  excavation	  with	  a	  constant	  length	  of	  15m.	  The	  diameter	  is	  expected	  to	  affect	  the	  behaviour	  of	  the	  pile	  and	  therefore	  the	  mechanism	  of	  pile	  to	  soil	   interaction	  could	  be	  affected.	   	  The	  pile	  diameter	  is	  therefore	  varied	  for	  a	  pile	  in	  each	  of	  the	   three	  mechanisms	   identified	   in	   Section	  7.3	   as	   providing	   significant	   improvement	   in	   slope	  stability.	  	  The	  chosen	  pile	  positions	  between	  the	  toe	  and	  crest	  of	  the	  slope	  are	  position	  3,	  9	  and	  17,	   which	   are	   a	   horizontal	   distance	   from	   the	   toe	   of	   the	   slope	   of	   2.4m,	   9.6m	   and	   19.2m	  respectively.	  	  The	  contributions	  to	  stability	  for	  each	  pile	  diameter	  are	  compared	  using	  the	  time	  to	  slope	  failure	  in	  Figure	  7.28	  and	  Table	  7.3.	  	  These	  values	  are	  ranked	  in	  Table	  7.3	  for	  each	  pile	  position,	  with	  1	  being	  the	  longest	  time	  to	  failure	  and	  5	  being	  the	  shortest	  and	  therefore	  lowest	  contribution	   to	   stability.	   	   These	   results	   show	   that	   an	   increase	   in	   pile	   diameter	   does	   not	  necessarily	   increase	   the	   stabilisation	   provided,	   although	   this	   could	   in	   part	   be	   due	   to	   the	  different	  spacing	  values	  employed.	  	  A	  diameter	  of	  0.9m	  or	  1.2m	  was	  most	  effective	  for	  the	  pile	  and	  slope	  dimensions	  used	  in	  the	  analyses	  presented.	  	  The	  behaviour	  was	  not	  the	  same	  for	  each	  position	   and	   the	   results	   will	   each	   be	   compared	   as	   a	   set	   for	   the	   same	   position	   before	   more	  general	  conclusions	  are	  made.	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The	  differences	  are	  presented	  in	  terms	  of	  the	  changes	  in	  pile	  behaviour,	  as	  the	  changes	  in	  soil	  response,	  visible	   in	  the	  vectors	  of	   incremental	  displacement	  and	  plots	  of	  strain	  contours	  were	  less	  apparent.	   	  Horizontal	  and	  absolute	  displacement,	  bending	  moment	  distribution,	  axial	  and	  shear	   forces	   are	   shown	   for	   each	   pile	   for	   the	   last	   stable	   increment	   of	   the	   analysis.	   	   The	  development	  of	  the	  bending	  moment	  over	  time	  is	  also	  used	  to	  identify	  the	  pile	  response	  before	  failure.	  	  The	  change	  in	  bending	  moment	  over	  time	  was	  already	  presented	  for	  the	  0.9m	  diameter	  piles	  in	  Figure	  7.18,	  Figure	  7.16	  and	  Figure	  7.13	  for	  positions	  3,	  9	  and	  17	  respectively.	  	  	  
Table	  7.3	  Summary	  of	  time	  to	  failure	  for	  analyses	  varying	  the	  diameter	  of	  the	  piles	  
Pile	  Diameter	  (m)	  
Position	  between	  toe	  and	  crest	  of	  slope	  
Time	  to	  failure	  (years,	  3	  s.f.)	   Sequence	  of	  time	  to	  failure	  (1	  is	  most	  stable)	  p	  3	   p	  9	   p	  17	   p	  3	   p	  9	   p	  17	  0.6	   224	   126	   78.9	   2	   4	   2	  0.9	   243	   143	   78.6	   1	   2	   3	  1.2	   208	   143	   79.3	   5	   1	   1	  1.5	   210	   134	   67.5	   4	   3	   4	  1.8	   222	   126	   64.6	   3	   5	   5	  	  
7.5.1. Mechanism	  2:	  position	  3	  The	  0.9m	  diameter	  pile	  provides	  the	  most	  stability	  by	  a	  large	  margin,	  in	  this	  position	  between	  the	  toe	  and	  crest	  of	  the	  slope.	   	  The	  1.2m	  diameter	  provides	  the	  least	  improvement	  in	  stability,	  with	  the	   lowest	  time	  to	   failure,	  Table	  7.3.	   	  This	   implies	  a	  change	   in	  the	  pile	  response	  between	  these	  two	  diameters.	  	  The	  bending	  moments	  in	  the	  pile	  are	  shown	  in	  Figure	  7.29	  for	  (a)	  the	  final	  stable	   increment	   of	   the	   analysis	   (b)	   205	   years	   after	   slope	   excavation.	   	   The	   shape	   of	   the	  distribution	  is	  the	  same	  for	  all	  diameter	  values	  with	  one	  maximum	  and	  one	  minimum	  stationary	  point.	   	   At	   failure,	   the	   maximum	   and	   minimum	   bending	   moment	   values	   do	   not	   follow	   the	  sequence	  of	  pile	  diameter	  size	  or	  time	  to	  failure.	  	  The	  axial	  and	  shear	  forces	  at	  failure	  do	  follow	  the	   sequence	   of	   pile	   diameter	   size,	   except	   for	   the	   shear	   force	   of	   the	   0.6m	   diameter	   analysis,	  which	   overtakes	   the	   0.9m	   analyses	   at	   some	   locations,	   Figure	   7.30(a).	   	   The	   displacements	  provide	  a	  little	  insight	  into	  the	  different	  pile	  behaviours	  considering	  the	  change	  in	  pile	  diameter,	  Figure	   7.31.	   	   The	   0.9m	   analysis	   has	   the	  most	   horizontal	   displacement	   at	   the	   top	   of	   the	   pile,	  Figure	  7.31(a)	  and	  experience	  the	  most	  relative	  movement	  between	  the	  top	  and	  base	  of	  the	  pile,	  i.e.	   steepest	   gradient,	   for	   both	   measures	   of	   displacement.	   	   The	   0.6m	   experiences	   the	   least	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displacement	   of	   the	   five	   analyses,	   but	   still	   undergoes	   both	   horizontal	   and	   vertical	  displacements,	  Figure	  7.31.	  	  The	  1.8m,	  1.5m	  and	  to	  some	  extent	  the	  1.2m	  diameter	  pile	  analyses	  show	  reduced	  horizontal	  movement	  at	   the	  top	  and	  bottom	  of	   the	  pile,	  but	   from	  the	  difference	  between	  the	  horizontal	  and	  absolute	  values,	  large	  vertical	  movement	  at	  the	  base	  of	  the	  pile.	  	  	  The	   changes	   in	   the	   bending	   moment	   over	   time	   show	   a	   similar	   progression	   in	   shape	   of	   the	  bending	  moment	  from	  an	  initial	  negative	  dome	  to	  a	  single	  maximum	  and	  minimum	  stationary	  point,	   Figure	   7.32,	   Figure	   7.33	   and	   Figure	   7.18.	   	   The	  maximum	   bending	  moment	   of	   around-­‐400kNm	   is	   reached	  after	  20	  years	   for	  analyses	  with	  a	  diameter	  of	  1.2m,	  1.5m	  and	  1.8m.	   	  The	  maximum	   occurs	   later	   and	   at	   a	   lower	   value	   for	   smaller	   diameter	   piles.	   	   The	   0.6m	   diameter	  analysis,	  Figure	  7.32(a),	  reaches	  the	  final	  bending	  moment	  with	  the	  lowest	  negative	  and	  highest	  positive	  values	  for	  the	  stationary	  points.	   	  The	  analyses	  with	  other	  diameters,	  reach	  the	   lowest	  negative	  and	  highest	  positive	  points	  and	  then	  the	  stationary	  points	  start	  to	  decrease.	   	  There	  is	  no	  change	  in	  development	  of	  the	  pile	  displacements	  at	  this	  stage,	  Figure	  7.17,	  but	  the	  continued	  movement	  of	  the	  pile	  vertically	  up	  and	  horizontally	  downslope	  could	  lead	  to	  these	  changes.	  	  In	  mechanism	  2,	  two	  slip	  surfaces	  form	  a	  ‘v’	  below	  the	  pile	  and	  the	  pile	  and	  slope	  in	  this	  wedge	  are	  pushed	  up	  as	  the	  soil	  from	  upslope	  of	  the	  pile	  pushes	  downslope.	  	  The	  greater	  flexibility	  of	  the	  0.6m	  and	  0.9m	  diameter	  pile	  creates	  larger	  horizontal	  movements	  and	  bending	  moments	  in	  the	  top	   part	   of	   the	   pile.	   	   The	   pile	   resists	   greater	   shear	   forces	   and	   this	   creates	   the	   longer	   time	   to	  failure	  for	  these	  two	  analyses.	  	  
7.5.2. Mechanism	  3:	  position	  9	  For	   this	  position	   the	  0.9m	  and	  1.2m	  pile	  diameters	  provide	   the	  most	   stability,	  Table	  7.3.	   	  The	  smallest	   and	   largest	   diameters	   of	   the	   range	   are	   the	   least	   stable,	   Figure	   7.28.	   	   All	   the	   piles	  experience	  the	  same	  horizontal	  displacements	  at	  the	  top	  of	  the	  pile,	  Figure	  7.34(a).	   	  There	  is	  a	  small	  variation	  in	  the	  absolute	  displacement	  at	  the	  top	  of	  the	  pile,	  Figure	  7.34(b),	  and	  therefore	  a	   variation	   in	   vertical	   displacement	   of	   the	   top	   of	   the	   pile	   depending	   on	   pile	   diameter.	   	   The	  bending	  moment	  variation	  with	  pile	  diameter	  is	  shown	  in	  Figure	  7.35	  for	  (a)	  the	  final	  increment	  of	   the	   analysis	   and	   (b)	   120	   years	   after	   slope	   excavation.	   	   After	   120	   years,	   the	   shape	   and	  magnitude	  of	  the	  bending	  moment	  developed	  shows	  a	  progression	  from	  the	  smallest	  to	  largest	  pile	   diameter,	   Figure	   7.35(b).	   	   At	   failure,	   the	   0.9m	   diameter	   analysis	   has	   the	   largest	   bending	  moment	   and	   the	   1.5m	   and	   1.2m	  diameter	   analyses	   almost	   coincide.	   	   The	   changes	   in	   bending	  moment	   over	   time	   in	   Figure	   7.36,	   Figure	   7.37	   and	   Figure	   7.16	   show	   that	   for	   this	   position	  between	   the	   toe	   and	   crest	   of	   the	   slope,	   the	   largest	   bending	   moment	   is	   developed	   at	   failure.	  	  There	  is	  one	  small	  exception;	  the	  negative	  bending	  moment	  at	  the	  stationary	  point	  for	  the	  1.8m	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diameter	  pile	  is	  slightly	  smaller	  at	  failure	  than	  for	  the	  10	  year	  bending	  moment	  distribution.	  	  As	  discussed	  in	  Section	  7.3,	  the	  largest	  bending	  moment	  occurs	  at	  this	  point	  due	  to	  the	  continued	  bending	  of	  the	  pile	  as	  the	  top	  of	  the	  pile	  is	  pushed	  downslope,	  pulling	  the	  base	  of	  the	  pile	  out.	  	  This	  mechanism	   is	   shown	  by	   the	  vertical	  displacements	  of	   the	  base	  of	   the	  pile	  and	  horizontal	  and	  vertical	  displacements	  of	   the	   top	  of	   the	  pile.	   	  The	   initial	  bending	  moment	   for	   the	   first	  40	  years	  is	  similar	  in	  magnitude	  and	  shape	  for	  all	  diameters.	   	  The	  axial	  and	  shear	  forces	  do	  show	  some	   variation	   in	   values	   due	   to	   pile	   diameter,	   Figure	   7.38,	   but	   the	   values	   are	   similar	   in	  magnitude	  to	  the	  position	  3	  results,	  Figure	  7.30.	  	  These	  analyses	  show	  that	  there	  is	  little	  benefit	  in	  using	  a	  large	  diameter	  pile	  when	  it	  is	  placed	  in	  this	  position.	  	  
7.5.3. Mechanism	  4:	  position	  17	  The	   different	   pile	   diameters	   in	   this	   position	   can	   be	   split	   into	   two	   groups	   by	   behaviour	   and	  contribution	   to	   stability,	   the	   three	   smallest	   diameters	   in	   one	   group	   and	   the	   two	   largest	  diameters	  in	  the	  other.	  	  The	  similarity	  of	  results	  for	  the	  small	  diameters	  in	  terms	  of	  time	  to	  slope	  failure	  is	  complimented	  by	  the	  similarity	  of	  the	  bending	  moment	  distribution	  at	  failure,	  Figure	  7.39(a)	  and	  displacement	  at	   failure,	  Figure	  7.40.	   	  A	  comparison	  of	   the	  horizontal	  and	  absolute	  displacements,	   Figure	   7.40(a)	   and	   (b)	   demonstrates	   that	   movement	   of	   the	   pile	   with	   these	  diameters	  is	  almost	  entirely	  horizontal.	  	  For	  the	  analyses	  with	  1.5m	  and	  1.8m	  diameter	  piles,	  the	  difference	  between	   the	  displacement	   at	   the	   top	   and	  bottom	  of	   the	  pile	   is	   larger.	   	   The	   steeper	  lines	   indicate	  a	  greater	  rotation	  of	   the	  stiffer	  piles,	  with	  the	  top	  of	   the	  pile	  moving	  downslope	  and	  some	  vertical	  movement	  of	  the	  base	  of	  the	  piles,	  Figure	  7.40.	  	  	  The	  stiffer	  piles	  have	  a	  larger	  bending	  moment	   at	   failure,	   developed	   in	   the	   last	   few	   years	   before	   failure,	   Figure	   7.41.	   	   The	  shear	  force	  and	  axial	  forces	  at	  failure	  are	  also	  larger	  than	  the	  smaller	  diameter	  analyses,	  Figure	  7.42,	  especially	  obvious	  for	  the	  shear	  forces	  in	  the	  1.8m	  diameter	  pile.	  	  For	  piles	  in	  this	  position,	  use	   of	   a	   large	   diameter	   pile	   is	   worse	   for	   all	   the	   measures	   of	   pile	   behaviour	   shown.	   	   The	  maximum	  bending	  moment	   developed	   at	   30	   to	   40	   years	   after	   excavation,	   Figure	   7.41,	   Figure	  7.43	  and	  Figure	  7.13,	  has	  a	  similar	  magnitude	  of	  300kNm	  for	  the	  1.2m	  diameter	  as	  well	  as	  the	  1.5m	  and	  1.8m	  diameter	   analyses.	   	   The	  maximum	  bending	  moment	   reduces	  with	   the	   smaller	  diameter	  to	  230kNm	  and	  140kNm	  for	  the	  0.9m	  and	  0.6m	  diameter	  piles	  respectively.	  	  The	  0.6m	  diameter	  pile	  offers	  the	  best	  increase	  in	  stabilisation	  for	  this	  position,	  given	  the	  higher	  bending	  moment	  that	  needs	  to	  be	  resisted	  by	  the	  1.2m	  diameter	  pile	  for	  an	  increase	  in	  stability	  of	   less	  than	  a	  year.	  	  The	  increase	  in	  slope	  stability	  from	  40	  years	  up	  to	  70.3	  years	  is	  still	  probably	  not	  a	  sufficient	   increase	   in	  stability	   for	  an	   infrastructure	  slope.	   	  Other	  positions	  of	   the	  pile	  between	  the	  toe	  and	  crest	  of	  the	  slope	  would	  be	  preferable.	  	  The	  diameter	  of	  the	  pile	  does	  not	  change	  the	  deficient	  contribution	  to	  stability	  for	  piles	  with	  this	  mechanism	  type,	  concluded	  in	  Section	  7.3.	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7.5.4. Shared	  conclusions	  for	  a	  variation	  in	  pile	  diameter	  for	  different	  failure	  mechanisms	  	  An	  increase	  in	  pile	  diameter	  does	  not	  always	  increase	  the	  contribution	  to	  the	  stabilisation	  of	  the	  slope.	  	  For	  the	  three	  positions	  investigated	  and	  presented	  in	  Sections	  7.5.1	  to	  7.5.3,	  a	  larger	  and	  therefore	   stiffer	   pile	   with	   1.5m	   or	   1.8m	   diameter	   piles	   provided	   less	   stability	   than	   a	   0.9m	  diameter	  pile.	  	  These	  larger	  piles	  were	  modelled	  as	  stabilising	  a	  large	  volume	  of	  soil	  because	  the	  diameter	  to	  spacing	  ratio	  of	  3	  was	  maintained,	  whilst	  there	  was	  a	  variation	  in	  the	  comparable	  real	   value	  of	  pile	   spacing.	   	  To	  have	  greater	   confidence	   in	   the	   conclusions	  drawn	  here,	   further	  investigations	  should	  be	  performed	  with	  constant	  spacing	  between	  piles	  for	  a	  variation	  in	  pile	  diameter.	  	  The	  change	  in	  width	  modelled	  still	  provides	  useful	  information	  on	  the	  impact	  of	  pile	  flexibility	   and	   in	   exploring	   the	   sensitivity	   of	   the	   contribution	   of	   the	   pile	   to	   slope	   stabilisation	  with	  the	  variation	  of	  the	  two	  parameters,	  A	  and	  I	  that	  model	  pile	  stiffness	  in	  a	  2D	  beam	  element.	  The	   flexibility	   of	   the	   pile	   influences	   the	   overall	   displacements	   of	   the	   pile	   and	   the	   relative	  displacements	  of	  the	  top	  and	  bottom	  of	  the	  piles.	  	  	  A	  stiffer	  pile	  is	  more	  likely	  to	  rotate	  instead	  of	  bend	  than	  a	  more	  flexible	  pile.	  	  A	  larger	  diameter	  pile	  was	  only	  beneficial	  in	  terms	  of	  a	  reduced	  maximum	  bending	  moment	  for	  piles	  in	  position	  9,	  and	  only	  for	  the	  last	  few	  years	  before	  slope	  failure.	  	  For	  the	  other	  analyses,	  the	  maximum	  bending	  moment	  occurs	  within	  the	  first	  40	  years	  after	   excavation	  and	   is	   of	   a	   similar	   value	   for	  pile	  diameters	  of	  1.2m,	  1.5m	  and	  1.8m,	   showing	  little	  influence	  of	  the	  variation	  in	  pile	  spacing.	  	  When	  the	  maximum	  bending	  moment	  occurred	  earlier	  in	  the	  analysis	  (positions	  3	  and	  17),	  the	  largest	  stationary	  point	  value	  was	  lower	  for	  the	  0.6m	  and	  0.9m	  diameter	  pile	  analyses,	  which	  would	  help	   to	  offset	   the	   lower	  bending	  moment	  capacity	  of	   these	  diameters.	   	   The	  piles	  were	  modelled	  as	   elastic	   in	   these	   analyses,	   but	   even	  a	  factored	  maximum	  bending	  moment	  value	  would	  not	  exceed	  the	  capacity	  that	  could	  be	  provided	  by	  reinforcement.	  	  	  The	   14GPa	   Young’s	  Modulus	   stiffness	   specified	   for	   the	   beam	   elements	   in	   these	   analyses	   will	  provide	  a	  relatively	  flexible	  pile.	  	  The	  larger	  diameter	  piles	  can	  therefore	  provide	  an	  indication	  of	  the	  impact	  of	  modelling	  the	  pile	  as	  a	  stiffer	  concrete,	  without	  the	  lowered	  stiffness	  caused	  by	  cracking	  of	  the	  concrete	  during	  bending	  that	  justified	  the	  use	  of	  a	  lower	  Young’s	  Modulus.	  The	  larger	  diameter	  piles	  are	  modelled	  as	  resisting	  a	  greater	  volume	  of	  soil	  compared	  to	  the	  small	  diameter	  piles	  because	  the	  A	  and	  I	  values	  are	  factored	  by	  different	  amounts.	  	  This	  change	  in	  the	  factoring	  values	  could	  account	  for	  the	  uneven	  transition	  between	  the	  different	  behaviours	  for	  an	  increase	  in	  the	  diameter	  of	  the	  pile.	   	  The	  observations	  made	  for	  a	  stiffer	  and	  more	  flexible	  pile	  are	   still	   useful,	   as	   they	   illustrate	   that	   a	   more	   flexible	   pile	   is	   suitable	   for	   improving	   the	  contribution	   of	   the	   structure	   to	   slope	   stability.	   	   A	  more	   flexible,	   smaller	   diameter	   pile	   is	   also	  likely	   to	  be	  more	  beneficial	   in	   terms	  of	  construction	  costs,	  although	  a	  greater	  number	  of	  piles	  will	  be	  required	  due	  to	  the	  closer	  spacing.	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Figure	  7.28	  Comparing	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  analyses	  with	  varied	  pile	  diameters	  between	  0.6m	  and	  1.8m,	  15m	  long	  piles	  at	  three	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Figure	  7.29	  The	  effect	  of	  the	  pile	  diameter	  on	  the	  bending	  moment	  distribution	  of	  a	  15m	  long	  pile	  in	  position	  3	  between	  the	  toe	  and	  crest	  of	  the	  slope	  (a)	  at	  the	  end	  of	  the	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Figure	  7.30	  The	  effect	  of	  pile	  diameter	  on	  the	  forces	  induced	  in	  the	  15m	  long	  piles	  in	  position	  3	  between	  the	  toe	  and	  crest	  of	  the	  slope,	  values	  at	  the	  end	  of	  the	  analysis	  for	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Figure	  7.35	  The	  effect	  of	  the	  pile	  diameter	  on	  the	  bending	  moment	  distribution	  of	  a	  15m	  long	  pile	  in	  position	  9	  between	  the	  toe	  and	  crest	  of	  the	  slope	  (a)	  at	  the	  end	  of	  the	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Induced	  Bending	  Moment	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Induced	  Bending	  Moment	  in	  Pile	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Figure	  7.38	  The	  effect	  of	  pile	  diameter	  on	  the	  forces	  induced	  in	  the	  15m	  long	  piles	  in	  position	  9	  between	  the	  toe	  and	  crest	  of	  the	  slope,	  values	  at	  the	  end	  of	  the	  analysis	  for	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Figure	  7.39	  The	  effect	  of	  the	  pile	  diameter	  on	  the	  bending	  moment	  distribution	  of	  a	  15m	  long	  pile	  in	  position	  17	  between	  the	  toe	  and	  crest	  of	  the	  slope	  (a)	  at	  the	  end	  of	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Figure	  7.42	  The	  effect	  of	  pile	  diameter	  on	  the	  forces	  induced	  in	  the	  15m	  long	  piles	  in	  position	  17	  between	  the	  toe	  and	  crest	  of	  the	  slope,	  values	  at	  the	  end	  of	  the	  analysis	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 Influence	  of	  the	  Time	  of	  Pile	  Construction	  7.6.If	  the	  pile	  stabilisation	  system	  is	  used	  to	  remediate	  an	  existing	  slope	  that	  has	  been	  identified	  as	  unstable	   then,	   in	   the	   case	  of	   a	   stiff	   clay	   cutting,	   the	  pile	  will	   be	  placed	  possibly	  decades	   after	  excavation.	  	  The	  analyses	  presented	  Section	  7.3	  to	  7.5	  construct	  the	  pile	  immediately	  after	  slope	  excavation.	   	  This	  models	   the	  situation	  of	  employing	  piles	  as	  a	  preventative	  measure	  to	  extend	  the	   stability	   period	   of	   the	   slope	   if	   the	   design	   dimensions	   make	   the	   slope	   vulnerable	   to	  progressive	  failure.	  	  This	  could	  occur	  if	  a	  cutting	  is	  widened,	  for	  example	  to	  increase	  the	  number	  of	  lanes	  for	  a	  motorway,	  or	  if	  existing	  structures	  or	  land	  ownership	  restrict	  the	  space	  available.	  	  This	   section	   investigates	   the	   impact	   of	   constructing	   the	   pile	   at	   different	   periods	   after	   slope	  excavation.	  	  	  The	  15m	  long	  0.9m	  diameter	  pile	  is	  constructed	  using	  beam	  elements	  that	  are	  wished	  in	  place	  between	  the	  elements	  in	  position	  9,	  9.6m	  horizontally	  from	  the	  toe	  of	  the	  slope.	  	  As	  the	  elements	  undergo	  some	  distortion	  during	  the	  period	  of	  consolidation	  and	  corresponding	  soil	  movements	  prior	  to	  pile	  construction,	  the	  solid	  elements	  that	  the	  beam	  elements	  will	  be	  placed	  between	  will	  not	   be	   vertical,	   as	   shown	   by	   the	   accumulated	   displacements	   of	   the	   pile	   immediately	   after	  construction	   in	   Figure	   7.44.	  When	   constructed,	   the	   beam	   elements	   have	   zero	   strains	   and	   the	  bending	  moments,	   shear	   and	   axial	   forces	   in	   the	   beam	   elements	  will	   not	   be	   influenced	   by	   the	  displacements	  of	  the	  soil	  prior	  to	  pile	  construction.	  	  The	  displacement	  of	  pile	  movement	  will	  be	  the	  sub-­‐accumulated	  values	  for	  the	  changes	  in	  displacement	  after	  the	  pile	  is	  installed.	  	  	  The	   time	   of	   pile	   construction	   does	   affect	   the	   time	   to	   slope	   failure,	   with	   values	   varying	   from	  51.65	  years	   to	  142.37	  years,	  Figure	  7.45.	   	  The	  greatest	   improvement	   in	   stability	  occurs	  when	  the	  pile	  is	  placed	  immediately	  after	  slope	  excavation.	  	  When	  the	  pile	  is	  placed	  10	  years	  after	  the	  slope	   excavation,	   there	   is	   still	   a	   large	   improvement	   in	   stability.	   	   A	   pile	   placed	   20	   years	   after	  slope	  excavation	  almost	  doubles	  the	  lifetime	  of	  the	  slope	  prior	  to	  failure.	  	  	  A	  pile	  placed	  at	  30	  or	  40	  years	  however,	  only	  increases	  slope	  stability	  by	  just	  over	  10	  years.	  	  These	  two	  analyses	  have	  incremental	  displacement	  vectors	  with	  the	  most	  similar	  pattern	  to	  the	  no	  pile	  analysis,	  Figure	  7.46(d)	  and	  (e)	  to	  (f).	  	  The	  displacement	  vectors	  for	  the	  10	  and	  20	  years	  pile	  construction	  show	  a	  large	  involvement	  of	  the	  pile,	  Figure	  7.46(b)	  to	  (c)	  and	  this	  is	  reflected	  in	  the	  strain	  contours,	  Figure	  7.47(b)	  and	  (c).	  	  The	  depth	  of	  the	  slip	  surface	  was	  also	  deeper	  for	  these	  two	  analyses,	  as	  shown	  by	  the	  overlaid	  outline	  for	  the	  consolidation	  to	  failure	  analysis	  of	  the	  20%	  strain	  contour	  of	  the	  critical	  surface,	  Figure	  7.47.	  	  This	  zone	  corresponds	  to	  soil	  with	  a	  lower	  strength.	  	  When	  the	  pile	   is	  placed	   later,	   the	   areas	  of	  high	   strain	   concentration	  have	   already	  extended	  past	   the	  location	  where	  the	  pile	  will	  be	  constructed	  and	  cause	  the	  location	  of	  the	  critical	  slip	  surface	  to	  coincide	  with	  the	  consolidation	  analysis,	  Figure	  7.47(d)	  and	  (e).	  	  There	  is	  still	  some	  modification	  of	  the	  slip	  surface	  behind	  the	  pile	  for	  the	  analysis	  with	  a	  pile	  constructed	  after	  20	  years,	  Figure	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7.47(c).	   	  This	  effect	  could	  be	  influenced	  by	  the	  strain	  softening	  behaviour	  of	  the	  soil	  modelled.	  	  Once	  one	  area	  of	  soil	  has	  reached	  a	  strain	  that	  begins	  strain	  softening	  of	  the	  soil	  strength,	  this	  soil	  cannot	  sustain	  the	  same	  load	  and	  the	  excess	  loading	  is	  redistributed	  to	  the	  surrounding	  soil.	  	  This	  leads	  to	  the	  progression	  of	  a	  slip	  surface	  that	  may	  not	  occur	  in	  a	  constant	  strength	  soil,	  as	  discussed	   in	   Section	  3.4.1.	   	  Once	   a	   strain	   softening	   slip	   surface	  has	  begun	   forming	  upslope	  of	  where	  the	  pile	  will	  be	  constructed,	  the	  strain	  softening	  of	  the	  soil	  could	  encourage	  development	  of	  the	  slip	  surface	  even	  after	  construction	  of	  the	  pile	  interrupts	  soil	  movement.	  	  
	  
Figure	   7.44	   Accumulated	   absolute	   displacement	   of	   soil	   elements	   before	   construction	   of	   piles	   due	   to	   the	  






















Absolute	  displacement	  of	  elements	  prior	  to	  pile	  construction	  (m)	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  excavation	  after	  10	  years	  after	  20	  years	  after	  30	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  after	  40	  years	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at	  the	  top	  of	  the	  pile	  with	  a	  varied	  contribution	  in	  between,	  Figure	  7.48	  compared	  to	  mechanism	  3	   in	  Figure	  7.9.	   	  The	  bending	  moment	   is	  a	  similar	  shape	  and	  magnitude	   for	  analyses	  with	  pile	  construction	  after	  excavation,	  after	  10	  years	  and	  20	  years,	  Figure	  7.49.	   	  The	   transition	   from	  a	  single	  negative	  bending	  moment	  maximum	  stationary	  point	  to	  a	  single	  negative	  and	  two	  small	  positive	   bending	   moments	   stationary	   points	   at	   the	   top	   and	   bottom	   of	   the	   pile	   is	   the	   same	  variation	  shown	  for	  the	  mechanism	  3	  positions	  in	  Figure	  7.11.	  Comparing	  the	  time	  of	  pile	  placement	  analyses	  to	  each	  other,	   the	  time	  to	   failure	  does	  have	  an	  impact	   on	   the	   magnitude	   of	   displacements.	   	   The	   displacements	   in	   Figure	   7.48	   are	   for	   pile	  movement	   after	   pile	   construction	   until	   failure	   of	   the	   slope	   and	   the	   variation	   in	   magnitude	  illustrates	   the	   relative	   pile	   and	   soil	   interaction	   during	   these	   different	   periods	   before	   slope	  failure.	  	  The	  later	  the	  pile	  is	  constructed,	  the	  lower	  the	  pile	  displacement.	  	  The	  decrease	  in	  pile	  displacement	  at	  the	  midslope	  is	  shown	  in	  Figure	  7.45.	  The	  displacement	  value	  is	  assessed	  for	  a	  point	  upslope	  of	  the	  pile	  in	  position	  9.	  	  The	  construction	  of	  the	  pile	  does	  slow	  the	  movement	  of	  the	   soil	   upslope,	   shown	   by	   comparing	   the	   displacement	   of	   the	   midpoint	   for	   the	   analyses	   at	  different	  points	   in	   time,	   e.g.	   after	  50	  years	  on	  Figure	  7.45.	   	  The	   relative	  displacements	  before	  pile	  construction	  shown	  in	  Figure	  7.44	  are	  very	  similar	  at	  a	  depth	  of	  15m,	  but	  very	  different	  at	  the	  slope	  surface.	  	  The	  vertical	  movement	  of	  the	  base	  of	  the	  15m	  piles	  shown	  by	  the	  difference	  between	   horizontal	   and	   absolute	   displacement	   in	   Figure	   7.48	   occurs	   in	   response	   to	   the	  presence	  of	  the	  pile.	  	  	  For	  the	  analyses	  with	  20,	  30	  and	  40	  years	  before	  construction	  of	  the	  pile,	  the	  horizontal	  and	  vertical	  displacements	  are	  similar	  indicating	  only	  small	  vertical	  movements.	  	  For	  an	  earlier	  pile	  construction,	  the	  pile	  has	  to	  be	  moved	  more	  horizontally	  and	  vertically	  before	  slope	   failure	   can	   occur.	   	   	   This	   supports	   the	   incremental	   displacement	   vectors	   and	   strain	  contours	   in	   Figure	   7.46	   and	   Figure	   7.47	   that	   the	   pile	   has	   less	   effect	   on	   the	   slope	   failure	  mechanism	  the	  later	  it	  is	  constructed.	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Figure	  7.45	  Comparing	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  26	  analyses	  with	  15m	  long,	  0.9m	  diameter	  piles	  constructed	  in	  position	  9	  between	  the	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Figure	  7.46	  Incremental	  displacement	  vectors	  for	  the	  final	  increment	  of	  the	  analyses	  that	  constructed	  a	  15m	  long,	  0.9m	  diameter	  pile	  in	  position	  9	  between	  the	  crest	  and	  
toe	  of	  the	  slope	  after	  varied	  periods	  of	  consolidation.	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Figure	  7.47	  Accumulated	  local	  plastic	  deviatoric	  strain	  contours	   for	  the	  final	   increment	  of	   the	  analyses	  that	  constructed	  a	  15m	  long,	  0.9m	  diameter	  pile	   in	  position	  9	  
between	  the	  crest	  and	  toe	  of	  the	  slope	  after	  varied	  periods	  of	  consolidation.	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Figure	  7.48	  The	  effect	  of	  the	  time	  of	  pile	  construction	  on	  the	  displacements	  for	  the	  last	  increment	  of	  the	  15m	  long,	  0.9m	  diameter	  pile	  placed	  in	  position	  9	  between	  the	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Figure	  7.49	  The	  effect	  of	  the	  time	  of	  pile	  construction	  on	  the	  bending	  moment	  induced	  in	  the	  15m	  long,	  0.9m	  diameter	  pile	  placed	  in	  position	  9	  between	  the	  toe	  and	  crest	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Figure	  7.50	  The	  effect	  of	   the	   time	  of	  pile	   construction	  on	   the	  accumulated	   forces	  at	   the	  end	  of	   the	  analysis	   in	   the	  15m	   long,	  0.9m	  diameter	  pile	  placed	   in	  position	  9	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The	  increase	  in	  time	  to	  failure	  is	  assessed	  by	  an	  analysis	  employing	  an	  incremental	  increase	  in	  time	  until	  slope	  failure,	  but	  it	  is	  not	  the	  only	  measure	  of	  slope	  stability.	  	  The	  variation	  of	  factor	  of	  safety	  has	  also	  been	  employed	  in	  Section	  7.3	  and	  6.4.2.	  	  The	  value	  for	  factor	  of	  safety	  was	  shown	  to	   reduce	  with	   time,	   shown	  by	  a	   series	  of	   analyses	   that	   increased	   the	  period	  of	   consolidation	  permitted	  prior	  to	  assessment	  of	  the	  factor	  of	  safety,	  Figure	  6.19.	  	  The	  same	  assessment	  of	  the	  variation	   of	   factor	   of	   safety	   with	   time	   can	   be	   applied	   to	   the	   analyses	   varying	   the	   time	   of	  placement	  of	  the	  pile.	  	  This	  provides	  a	  comparison	  of	  relative	  improvement	  in	  stability	  after	  the	  same	  period	  of	  soil	  consolidation.	  The	  results	  are	   listed	   in	  Table	  7.4	  and	  directly	  compared	   in	  Figure	  7.51	  to	  each	  other	  and	  the	  results	  for	  the	  no-­‐pile	  analysis.	  	  	  
Table	  7.4	  Variation	  of	   factor	  of	   safety	  values	  with	   time	   for	  analyses	  with	   construction	  of	  pile	  after	  various	  
periods	  of	  consolidation.	  Showing	  factor	  of	  safety	  value	  required	  to	  induce	  slope	  failure	  in	  the	  analysis.	  	  For	  
ease	  of	  comparison	  these	  values	  are	  also	  plotted	  in	  Figure	  7.51.	  
Time	  of	  pile	  construction	  
Factor	  of	  Safety	  value,	  after	  a	  period	  of	  consolidation	   Time	   to	  failure	  (years)	  After	  excavation	   10	  years	   20	  years	   30	  years	   40	  years	   50	  years	  No	  Pile	   1.41568	   1.24963	   1.07261	   1.01767	   1.00225	   -­‐	   40.46	  After	  excavation	   1.60584	   1.25300	   1.17228	   1.12262	   1.09466	   1.07672	   142.62	  10	  years	   -­‐	   1.34264	   1.15875	   1.11536	   1.08102	   1.05262	   117.16	  20	  years	   -­‐	   -­‐	   1.14372	   1.08429	   1.05199	   1.03122	   77.96	  30	  years	   -­‐	   -­‐	   -­‐	   1.07242	   1.02851	   1.00341	   51.65	  40	  years	   -­‐	   -­‐	   -­‐	   -­‐	   1.04773	   1.00515	   52.34	  	  The	  values	  for	  the	  factor	  of	  safety	  show	  the	  same	  pattern	  of	  decreasing	  with	  increased	  period	  of	  consolidation	   as	   the	   no-­‐pile	   analysis.	   	   The	   overall	   improvement	   in	   the	   factor	   of	   safety	   value	  caused	  by	  the	  pile	  is	  small,	  but	  reflects	  the	  improvement	  in	  time	  to	  slope	  failure.	  	  The	  difference	  between	   the	   factor	   of	   safety	   values	   for	   the	   no-­‐pile	   analysis	   and	   each	   pile	   analysis	   is	   greatest	  immediately	   after	   pile	   construction,	   highlighted	   in	   Table	   7.4.	   	   For	   the	   analyses	   with	   pile	  construction	   after	   10	   and	   after	   40	   years,	   the	   factor	   of	   safety	   value	   immediately	   after	   pile	  construction	  is	  higher	  than	  the	  factor	  of	  safety	  at	  the	  same	  period	  for	  a	  pile	  constructed	  10	  years	  earlier,	  Figure	  7.51.	  	  This	  initial	  jump	  implies	  a	  greater	  improvement	  in	  stability	  than	  is	  seen	  by	  the	  subsequent	  factor	  of	  safety	  analyses	  and	  the	  time	  to	  failure	  analysis.	  	  It	  is	  therefore	  perhaps	  misleading	  to	  use	  a	  single	  factor	  of	  safety	  value	  assessed	  immediately	  after	  pile	  construction	  as	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the	   consolidation	  of	   soil	   and	   continued	  modelling	  of	   time	  affects	   the	  pile	   and	   soil	   interaction.	  	  The	   appropriate	   time	   to	   assess	   the	   factor	   of	   safety	   improvement	   provided	   by	   a	   pile	   requires	  careful	  consideration.	  	  It	  is	  perhaps	  best	  to	  assess	  this	  value	  at	  the	  end	  of	  the	  design	  life	  of	  the	  structure.	  The	   pile	   behaviour	   for	   each	   factor	   of	   safety	   analysis	   is	   compared	   to	   the	   consolidation	   until	  failure	  analyses	  in	  terms	  of	  the	  bending	  moment	  of	  the	  pile	  at	  failure,	  Figure	  7.52	  to	  Figure	  7.54.	  	  These	  figures	  show	  that	  the	  factor	  of	  safety	  analyses	  do	  not	  produce	  the	  same	  bending	  moment	  distribution	  as	  the	  consolidation	  until	   failure	  analysis.	   	  The	  variation	  is	   largest	  for	  the	  analysis	  with	  the	  pile	  placed	  after	  excavation,	  Figure	  7.52.	  	  The	  factor	  of	  safety	  analysis	  after	  excavation	  with	  minimal	  consolidation	  having	  taken	  place	  produces	  almost	  the	  opposite	  bending	  moment	  compared	   to	   the	   time	   to	   failure	   analysis.	   	   The	   factor	   of	   safety	   after	   10	   years	   for	   this	   same	  analysis	  with	  pile	  construction	  after	  excavation	  also	  has	  a	  different	  distribution.	   	  The	  20	  to	  50	  years	  factor	  of	  safety	  analysis	  have	  the	  same	  shape	  of	  the	  distribution,	  but	  the	  bending	  moments	  are	  smaller.	  	  The	  other	  four	  sets	  of	  factor	  of	  safety	  analyses	  also	  show	  an	  underestimate	  for	  the	  bending	  moment	  values	  of	  the	  time	  to	  failure	  analyses,	  Figure	  7.53	  and	  Figure	  7.54.	  	  The	  shape	  of	  the	  distribution	  is	  similar	  within	  each	  set.	  	  If	  a	  factor	  of	  safety	  analysis	  is	  used	  to	  predict	  the	  bending	  moment	  of	  the	  pile,	  the	  maximum	  value	  could	  be	  underestimated.	  	  	  The	  analyses	  presented	  in	  this	  section	  have	  demonstrated	  that	  when	  the	  pile	   is	  constructed	  is	  very	  influential	  on	  the	  stabilisation	  it	  can	  provide.	  	  For	  the	  pile	  to	  be	  most	  effective,	  it	  should	  be	  constructed	  immediately	  after	  excavation	  of	  the	  slope,	  but	  construction	  within	  the	  first	  20	  years	  after	  excavation	  still	  provides	  a	  large	  increase	  in	  time	  to	  slope	  failure.	  	  This	  finding	  is	  supported	  by	  both	  measures	  of	  stability,	   the	   time	  to	   failure	  and	   factor	  of	  safety	  value.	   	  More	   time	  before	  pile	  construction	  provides	  more	  time	  for	  the	  development	  of	  strain	  concentrations	  to	  form.	  	  	  The	  pile	  works	  best	  when	  it	  interrupts	  the	  failure	  mechanism.	  If	  the	  failure	  mechanism	  has	  already	  started	   forming	   beyond	   the	   extent	   of	   the	   pile	   location,	   the	   soil	   movement	   and	   strength	  reduction	  on	  this	  slip	  surface	  will	  have	  started.	  	  After	  a	  certain	  amount	  of	  time,	  between	  20	  and	  30	  years	  after	  excavation	   for	   the	   slope	  dimensions	  modelled	  here,	   the	  pile	  does	  not	   influence	  the	  position	  of	  the	  critical	  slip	  surface	  and	  there	  is	  only	  a	  small	  delay	  in	  slope	  failure.	  	  The	  factor	  of	   safety	   values	   evaluated	   after	   different	   periods	   of	   consolidation	   for	   each	   analysis	  underestimate	  the	  bending	  moment	  of	  the	  pile	  compared	  to	  the	  time	  to	  slope	  failure	  analyses.	  These	   analyses	   did	   show	   that	   a	   factor	   of	   safety	   value	   for	   immediately	   after	   pile	   construction	  overestimated	  the	  increase	  in	  long	  term	  stability	  of	  the	  slope.	  	  A	  time	  to	  failure	  analysis	  would	  therefore	  be	  the	  recommended	  method	  to	  assess	  the	  impact	  of	  the	  time	  of	  pile	  construction	  on	  slope	  stabilisation.	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Figure	  7.51	  The	  variation	  of	  the	  value	  for	  the	  factor	  of	  safety	  over	  time	  for	  analyses	  with	  a	  pile	  constructed	  after	  varying	  periods	  of	  consolidation.	  	  The	  value	  of	  factor	  of	  
safety	  is	  assessed	  after	  different	  periods	  of	  consolidation	  for	  each	  time	  of	  pile	  placement	  and	  compared	  to	  the	  results	  for	  the	  slope	  with	  no	  pile	  constructed.	  	  Piles	  are	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Figure	  7.52	  The	  variation	  of	  the	  bending	  moment	  of	  the	  pile	  for	  the	  last	  increment	  of	  analyses	  for	  a	  15m	  long,	  0.9m	  diameter	  position	  9	  pile	  constructed	  after	  excavation.	  
The	  factor	  of	  safety	  analyses	  vary	  the	  period	  of	  consolidation	  after	  excavation	  before	  the	  factor	  of	  safety	  is	  evaluated	  and	  are	  compared	  to	  an	  analysis	  with	  consolidation	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Figure	  7.53	  The	  variation	  of	  the	  bending	  moment	  of	  the	  pile	  for	  the	  last	  increment	  of	  analyses	  for	  a	  15m	  long,	  0.9m	  diameter	  position	  9	  pile	  constructed	  after	  (a)	  10	  years	  
after	  excavation	  (b)	  20	  years	  after	  excavation.	  The	  factor	  of	  safety	  analyses	  vary	  the	  period	  of	  consolidation	  after	  excavation	  before	  the	  factor	  of	  safety	  is	  evaluated	  and	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Figure	  7.54	  The	  variation	  of	  the	  bending	  moment	  of	  the	  pile	  for	  the	  last	  increment	  of	  analyses	  for	  a	  15m	  long,	  0.9m	  diameter	  position	  9	  pile	  constructed	  after	  (a)	  30	  years	  
after	  excavation	  (b)	  40	  years	  after	  excavation.	  The	  factor	  of	  safety	  analyses	  vary	  the	  period	  of	  consolidation	  after	  excavation	  before	  the	  factor	  of	  safety	  is	  evaluated	  and	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 A	  Comparison	  of	  Solid	  and	  Beam	  Elements	  simulating	  Pile	  Behaviour	  7.7.The	  structural	  pile	  elements	  used	  to	  model	  piles	  in	  the	  analyses	  presented	  in	  Sections	  7.3	  to	  7.6	  have	  been	  beam	  elements.	   	  As	  discussed	   in	   Section	  7.2.1,	   these	   elements	   are	  used	  because	  of	  they	  provide	  bending	  moment,	  axial	  and	  shear	   forces	  as	  a	  direct	  output.	   	  They	  also	   facilitated	  the	   use	   of	   a	   mesh	   with	   fewer	   elements	   (the	   multiple	   pile	   mesh	   layout)	   to	   investigate	   the	  influence	   of	   the	   positions	   of	   the	   vertical	   pile	   between	   the	   toe	   and	   crest	   of	   the	   slope.	   	   If	   the	  multiple	  pile	  positions	  are	  modelled	  using	  solid	  elements,	  an	  appropriate	  mesh	  will	  have	  either	  smaller	  elements	  throughout	  the	  slope	  for	  multiple	  positions	  and	  diameters,	  or	  a	  new	  mesh	  will	  be	  required	  for	  each	  pile	  position.	  	  The	  midslope	  and	  base	  pile	  mesh	  layouts	  used	  in	  Section	  5.3	  model	  one	  position	   for	  a	  pile	  with	  varied	   length	  and	  diameter.	   	  The	  midslope	  pile	   layout	  with	  varying	  element	  sizes,	  Figure	  5.25(b)	  and	  (c)	  will	  be	  employed	  in	  this	  section	  to	  model	  a	  solid	  pile.	   	  The	   layout	  of	   the	  meshes	   is	   the	  same,	  but	   the	  elements	   in	   the	  slope	  are	  either	  1.05m	  or	  0.525m	  wide	  and	  this	  is	  how	  the	  labels	  will	  differentiate	  between	  the	  two	  meshes.	  The	   pile	   will	   be	   15m	   long	   and	   0.9m	   wide.	   	   In	   the	   analyses	   employing	   either	   mesh	   of	   the	  midslope	  pile	  layout,	  the	  pile	  location	  is	  between	  14.7	  and	  15.6m	  horizontal	  distance	  from	  the	  toe	  of	  the	  slope	  for	  the	  solid	  elements	  and	  15m	  from	  the	  toe	  of	  the	  slope	  for	  the	  beam	  elements.	  	  This	  places	   the	  pile	  between	  positions	  13	  and	  14	  of	   the	  multiple	  pile	  mesh	   layout,	  Figure	  7.1,	  which	  are	  at	  a	  horizontal	  distance	  of	  14.4m	  and	  15.6m	  respectively	  from	  the	  toe	  of	  the	  slope.	  	  No	  interface	  elements	  are	  used.	   	  The	  results	   for	   the	  midslope	  pile	  mesh	  are	  compared	   to	   the	  pile	  and	  slope	  response	  for	  positions	  13	  and	  14	  from	  Section	  7.3.	  	  These	  analyses	  will	  investigate	  the	  influence	  of	  using	  beam	  or	  solid	  elements	  to	  model	  the	  pile	  and	  assess	  the	  advantages	  of	  either	  method.	  The	   time	   to	   slope	   failure	   for	   the	   four	  beam	  and	   two	  solid	  pile	  element	  analyses	  are	   shown	   in	  Figure	  7.55.	   	  The	  midslope	  pile	  mesh	  results	  are	  bounded	  at	   failure	  by	   the	  multiple	  pile	  mesh	  results	   for	   the	   two	  neighbouring	   positions,	   p=13	   and	  p=14.	   There	   is	   a	   small	   range	   of	   time	   to	  failure	   for	   the	   midslope	   pile	   mesh	   results	   with	   values	   between	   123	   and	   136	   years	   after	  excavation.	  	  The	  results	  further	  illustrate	  the	  low	  mesh	  dependence	  of	  these	  analyses.	  	  The	  beam	  and	   solid	   element	   results	   for	   the	   0.525m	   midslope	   pile	   mesh	   coincide	   at	   failure.	   	   The	  displacements	  over	   time	  agree	   for	   the	   type	  of	  pile	   element	  used,	  but	  not	   the	  mesh	  employed.	  	  The	   horizontal	   displacement	   measurement	   is	   for	   a	   point	   just	   downslope	   of	   these	   piles	   at	   a	  further	   distance	   from	   the	   beam	   elements	   than	   the	   solid	   elements.	   	   This	  may	   account	   for	   the	  small	  difference	  in	  displacements	  over	  time.	  	  	  The	   failure	  mode	   does	   not	   vary	   for	   the	  midslope	   pile	  mesh,	   as	   identified	   by	   the	   incremental	  displacement	  vectors	  for	  the	  final	  increment	  of	  each	  analysis,	  Figure	  7.56(a)	  to	  (d).	  	  The	  soil	  fails	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upslope	  and	  downslope	  of	   the	  pile	   in	   a	   similar	  way	   to	  position	  13	  of	   the	  midslope	  pile	  mesh,	  Figure	  7.56(e).	   	  The	  similarities	  to	  the	  position	  14	  downslope	  failure	  mode,	  Figure	  7.56(f),	  are	  not	   obvious	   from	   the	   incremental	   displacement	   vectors.	   	   However,	   the	   accumulated	   local	  deviatoric	   strain	   contours	   give	   a	   different	   perspective,	   Figure	   7.57.	   	   The	  midslope	   pile	  mesh	  results	  follow	  the	  position	  14	  pattern	  of	  strain	  distribution,	  Figure	  7.57(a)	  to	  (c)	  and	  (f),	  except	  for	  the	  analysis	  employing	  beam	  elements	  with	  0.525m	  midslope	  pile	  mesh.	  	  This	  result,	  Figure	  7.57(d)	  has	  a	  pattern	  similar	  to	  the	  position	  13	  results,	  Figure	  7.57(e).	  	  The	  split	  of	  the	  midslope	  pile	  results	  between	  the	  p=14	  and	  p=13	  failure	  modes	  is	  confirmed	  by	  the	  pile	  displacements,	  Figure	  7.58.	  	  Axial	  force,	  shear	  force	  and	  bending	  moment	  distribution	  are	  shown	  in	  Figure	  7.59	  and	  Figure	  7.60	  and	  corroborate	  the	  displacement	  results.	  	  The	  solid	  element	  analyses	  for	  both	  meshes	  produce	  similar	  results	  to	  the	  p=14	  and	  smaller	  midslope	  pile	  mesh	  analyses	  with	  beam	  elements.	  	  The	  solid	  elements	  do	  not	  produce	  the	  high	  shear	  and	  axial	  forces	  at	  the	  base	  of	  the	  mesh,	  with	  sudden	  changes	  in	  gradient,	  Figure	  7.59.	  	  This	  is	  evidence	  that	  the	  large	  and	  variable	  values	  shown	  in	  this	  and	  previous	  analyses	  are	  a	  consequence	  of	  the	  use	  of	  beam	  elements,	  due	  to	  the	  crude	  element	  discretisation	  attempting	  to	  represent	  complex	  behaviour	  at	  a	  single	  node.	  The	  performance	  times	  of	   the	   four	  midslope	  pile	  analyses	  are	  compared	   in	  Figure	  7.61	  to	  test	  their	  relative	  efficiency,	  although	  only	  two	  sets	  of	  analyses	  does	  not	  provide	  substantial	  data	  to	  draw	   conclusions	   about	   the	   relative	   efficiency	   of	   each	   element	   type.	   	   The	   results	   should	   be	  compared	   for	   the	   same	  mesh	   due	   to	   the	   influence	   of	   a	   different	   number	   of	   elements	   on	   the	  performance	   time.	   	   The	   number	   of	   real	   hours	   for	   each	   analysis	   is	   provided	   with	   the	   CPU	  performance	   time	   to	   provide	   the	   reader	   with	   context	   of	   relative	   times.	   	   The	   results	   are	   in	  conclusive,	   with	   beam	   elements	   requiring	   less	   performance	   time	   for	   the	   mesh	   with	   smaller	  0.525m	  wide	  slope	  elements,	  but	  the	  opposite	  was	  found	  for	  the	  mesh	  with	  1.05m	  wide	  slope	  elements.	   	  The	  solid	  elements	  provide	  a	  more	  realistic	   interaction	  of	   the	  pile	  and	  soil	  because	  the	   pile	   occupies	   a	   realistic	   width,	   although	   a	   deeper	   investigation	   is	   required	   before	   firm	  conclusions	  can	  be	  made.	  	  As	   discussed	   in	   Section	   7.3,	   position	   14	   is	   in	   a	   transition	   zone	   between	   mechanism	   types	  because	   the	   15m	   length	   of	   pile	   in	   these	   slope	   dimensions	   just	   interacts	   with	   the	   steep	   slip	  surface	  developed.	  	  The	  use	  of	  beam	  and	  solid	  elements	  should	  also	  be	  investigated	  for	  pile	  in	  a	  different	  position	  between	  the	  toe	  and	  crest	  of	  the	  slope,	  where	  the	  same	  mechanism	  will	  occur	  in	  all	  analyses	  and	  provide	  clarity	  on	  the	  influence	  of	  the	  element	  type.	  	  These	  results	  do	  suggest	  that	  the	  use	  of	  beam	  or	  solid	  elements	  does	  not	  greatly	  affect	  the	  results.	  	  Either	  method	  could	  be	   employed	   in	   a	   two-­‐dimensional	   analysis.	   	   It	   is	  more	   difficult	   to	   process	   the	   solid	   element	  results	   to	  produce	  the	  distribution	  of	  shear	   force	  and	  bending	  moments	  and	  this	   is	  why	  beam	  elements	  have	  been	  employed	  in	  the	  other	  pile	  analyses	  presented	  in	  this	  chapter.	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Figure	  7.55	  Comparing	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  analyses	  modelling	  the	  pile	  as	  beam	  or	  solid	  elements.	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Figure	  7.56	  Incremental	  displacement	  vector	  for	  the	  final	  increment	  of	  the	  analysis,	  for	  15m	  long	  0.9m	  diameter	  piles	  modelled	  using	  either	  beam	  or	  solid	  elements	  to	  
model	  the	  pile.	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Figure	  7.57	  Accumulated	  local	  plastic	  deviatoric	  strain	  contours	  for	  the	  final	  increment	  of	  the	  analysis,	  modelling	  a	  15m	  long,	  0.9m	  diameter	  pile	  using	  either	  beam	  or	  
solid	  elements.	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Figure	   7.61	   Comparing	   the	   numerical	   time	   cost	   of	   using	   either	   beam	   or	   solid	   elements	   to	   model	   a	  
stabilisation	  pile	  in	  a	  stiff	  clay	  excavated	  slope.	  	  	  

























































CPU	  seconds	  Time	  (hours)	  
	  	  	   484	  
 Summary	  7.8.The	  interaction	  of	  a	  vertical	  stabilisation	  pile	  and	  slope	  is	  complex.	  	  Construction	  of	  a	  pile	  does	  not	   provide	   a	   single	   stabilising	   action	   at	   the	   intersection	   with	   the	   critical	   slip	   surface	   of	   the	  unstabilised	  slope.	   	   	  Moreover,	   the	  pile	   is	  most	  effective	   in	  extending	  the	  stability	  of	   the	  slope	  when	   the	   failure	   mechanism	   is	   significantly	   altered	   by	   the	   presence	   of	   the	   pile.	   	   The	   two-­‐dimensional	   analyses	   presented	   in	   this	   chapter	   have	   considered	   the	   effects	   of	   pile	   position,	  length,	  diameter	  and	  time	  of	  construction	  on	  the	  contribution	  to	  stabilisation	  of	  the	  slope.	  	  	  The	  excavation	  modelled	  is	  in	  London	  Clay	  and	  forms	  a	  10m	  high,	  1	  in	  3	  vertical	  to	  horizontal	  slope.	  	  The	  strain	  softening	  behaviour	  of	  the	  soil	  is	  modelled	  using	  a	  nonlocal	  strain	  softening	  model.	  	  	  The	   pile	   location	   was	   found	   to	   have	   a	   strong	   influence	   on	   the	   contribution	   to	   stabilisation.	  	  Different	  positions	  between	   the	   toe	  and	  crest	  of	   the	   slope	   led	   to	  different	   failure	  mechanisms	  and	  pile	  response.	   	  The	  zone	  between	  the	  middle	  and	  toe	  of	   the	  slope	  was	   found	  to	  provide	  a	  sufficient	  increase	  in	  stability	  with	  a	  15m	  pile	  for	  a	  transport	  slope.	  	  No	  position	  of	  a	  single	  row	  of	  15m	  piles	  provided	  indefinite	  stability,	  although	  it	  was	  not	  investigated	  here,	  a	  second	  row	  of	  piles	  could	  further	  reduce	  soil	  movements	  to	  provide	  indefinite	  slope	  stability.	  	  None	  of	  the	  piles	  developed	  a	  bending	  moment	  high	  enough	  to	  cause	  a	  plastic	  hinge	  to	  form.	  	  The	  closer	  to	  the	  toe	  of	  the	  slope,	  the	  greater	  the	  improvement	  in	  stability,	  however	  a	  pile	  placed	  exactly	  at	  the	  toe	  of	  the	   slope	   encouraged	   slope	   failure.	   	   The	   most	   efficient	   pile	   length	   is	   one	   where	   the	   pile	  interrupts	  all	  mechanically	  feasible	  single	  slip	  surfaces	  that	  could	  translate	  the	  pile	  downslope	  within	  an	  unstable	  mass.	  	  An	  appropriate	  pile	  length	  is	  therefore	  a	  function	  of	  the	  position	  of	  the	  pile.	  	  The	  influence	  of	  pile	  length	  was	  explored	  for	  a	  pile	  position	  9.6m	  horizontally	  from	  the	  toe	  of	   the	   slope.	   	   	   A	   length	   of	   at	   least	   12m	   at	   this	   position	   was	   required	   for	   a	   large	   increase	   in	  stability.	  	  	  The	   influence	  of	  pile	  diameter	  was	   investigated	  for	  three	  pile	  positions	  representing	  the	  three	  failure	  mechanisms	  that	  provide	  the	  largest	  increase	  in	  time	  to	  slope	  failure.	  	  An	  increase	  in	  pile	  diameter	  was	   found	   to	   not	   always	   provide	   an	   increase	   in	   stability	   of	   the	   slope,	   although	   the	  constant	   ratio	   for	   spacing	  of	   three	  diameters	   changed	   the	   actual	   spacing	  width	  of	   these	  piles.	  	  The	   reduced	   flexibility	   of	   a	   larger	   pile	   does	   not	   always	   provide	  more	   stability	   as	   its	   greater	  rigidity	  changes	  the	  pile	  displacement	  response.	   	  This	  can	  reduce	  the	  time	  to	  failure	  for	   larger	  pile	  diameters.	  	  Further	  investigation	  of	  pile	  diameters	  with	  a	  constant	  spacing	  length	  in	  meters	  would	  be	  useful	  before	  conclusions	  can	  be	  confidently	  made.	  	  A	  three	  dimensional	  investigation	  of	  pile	  diameter	  would	  also	  provide	  a	  more	  complete	  understanding	  of	  the	  impact	  of	  changing	  pile	  diameter.	  	  A	  review	  of	  the	  development	  of	  bending	  moments	  in	  piles	  of	  different	  diameters	  found	   that	   the	   largest	  bending	  moments	   induced	   in	   the	  pile	  generally	  occurred	   in	   the	   first	  40	  years	  after	  excavation.	  	  For	  pile	  position	  9,	  the	  bending	  moment	  at	  failure	  was	  larger,	  but	  a	  few	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years	   before	   slope	   failure	   the	   bending	   moment	   distributions	   were	   lower	   or	   equal	   to	   the	  maximum	  values	  reached	  in	  the	  first	  few	  decades	  after	  excavation.	  The	   time	   of	   pile	   construction	   was	   very	   influential	   on	   the	   contribution	   of	   the	   pile	   to	   slope	  stabilisation.	   	   Once	   the	   slip	   surface	   had	   developed	   beyond	   the	   pile	   location	   before	   pile	  construction,	  it	  was	  difficult	  for	  the	  pile	  to	  alter	  the	  now	  existing	  strain	  concentrations	  to	  change	  the	  failure	  mechanism.	  	  	  This	  response	  could	  be	  due	  to	  the	  strain	  softening	  behaviour	  of	  the	  stiff	  clay	  soil	  encouraging	  continued	  development	  of	  the	  slip	  surface	  as	  the	  loss	  of	  strength	  of	  soil	  on	  the	  slip	  surface	  increases	  loading	  of	  the	  surrounding	  soil.	  	  The	  variation	  of	  factor	  of	  safety	  with	  time	  was	  also	  assessed	  for	  the	  analyses	  varying	  the	  time	  of	  pile	  construction.	  	  For	  each	  time	  of	  pile	   construction,	   the	   values	   obtained	   immediately	   after	   pile	   installation	   exaggerate	   the	   long-­‐term	  contribution	  of	  the	  pile	  to	  slope	  stability.	  	  The	  analyses	  evaluating	  the	  factor	  of	  safety	  also	  underestimate	  the	  bending	  moment	  of	  the	  pile	  at	  failure.	  	  The	  factor	  of	  safety	  assessment	  of	  the	  pile	   position	   analyses	   was	   found	   to	   be	   dependent	   on	   the	   failure	   mechanism.	   	   These	   sets	   of	  analyses	  indicate	  that	  a	  factor	  of	  safety	  is	  not	  as	  reliable	  a	  measure	  of	  contribution	  to	  stability	  as	  a	  time	  to	  failure	  analysis.	  An	   appropriate	   and	   effective	   stabilisation	   pile	   changes	   the	   critical	   slip	   surface	   position.	   	   Pile	  dimensions	   (length	   and	  diameter)	   should	  be	  designed	  once	   an	   appropriate	  position	  has	  been	  identified.	  	  This	  process	  may	  become	  iterative	  for	  the	  combination	  of	  position	  and	  length.	  	  The	  stabilisation	  pile	   investigation	  presented	   in	   this	  chapter	   is	  not	  comprehensive,	  but	   it	  provides	  initial	  results	  that	  could	  be	  extended	  to	  produce	  industry	  guidelines.	  	  	  Small	  extensions	  to	  the	  existing	  work	  could	  include:	  	  
• The	   influence	  of	  pile	   length	  and	  time	  of	  pile	  construction	   in	  other	  positions	  within	   the	  slope	  
• A	   comparison	   of	   beam	   and	   solid	   elements	   in	   a	   position	   that	   is	   not	   a	   transition	   zone	  between	  two	  failure	  mechanisms	  
• Modelling	  the	  variation	  in	  pile	  diameter	  using	  solid	  piles	  and	  with	  a	  fixed	  spacing	  width	  Additional	  areas	  of	  interest	  as	  an	  aid	  to	  understanding	  the	  interaction	  of	  stabilisation	  pile	  would	  be:	  	  
• The	  extension	  of	  this	  work	  to	  three	  dimensions	  to	  investigate	  arching	  between	  piles	  
• The	  influence	  of	  fixity	  of	  the	  pile	  on	  its	  behaviour	  
• Use	  of	  interface	  elements	  to	  model	  gapping	  of	  the	  soil	  close	  to	  the	  pile	  
• A	  comparison	  of	  pile	  and	  soil	  interaction	  with	  an	  excavated	  slope	  in	  a	  constant	  strength	  soil.
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Chapter	  8. Conclusions	  and	  recommendations	  	  
 Introduction	  8.1.Stiff	   clay	   cuttings	   are	   common	   in	   the	   transport	   infrastructure	   of	   the	   UK.	   	   Instability	   of	   these	  excavated	   slopes	   has	   been	   attributed	   to	   progressive	   failure	   caused	   by	   strain	   softening	  behaviour	   of	   the	   soil.	   	   Many	  motorway	   cuttings	   are	   soon	   expected	   to	   reach	   the	   end	   of	   their	  initial	  period	  of	  stability,	  as	  the	  excess	  pore	  water	  pressure	  changes	  caused	  by	  the	  excavation	  of	  the	  cutting	  are	  dissipated.	  	  The	  pressure	  on	  UK	  infrastructure	  is	  also	  likely	  to	  demand	  widening	  of	   existing	   routes,	   which	   could	   lead	   to	   steeper	   cuttings,	   more	   vulnerable	   to	   instability.	   	   One	  method	  of	   stabilising	   failing	  or	  vulnerable	   slopes	   is	   to	   install	   a	   row	  of	  discrete	  piles,	  which	   is	  particularly	   suited	   to	   the	   stabilisation	   of	   deep	   slip	   surfaces.	   	   The	   current	   design	  methods	   for	  these	  piles	  make	  assumptions	  about	  the	  interaction	  of	  the	  soil	  and	  the	  pile	  and	  focus	  on	  the	  pile	  providing	  sufficient	  resistance	  at	  the	  slip	  surface	  depth	  to	  increase	  the	  factor	  of	  safety.	  	  A	  better	  understanding	   of	   the	   soil	   and	   pile	   interactions	   at	   working	   loads	   and	   near	   failure	   can	   inform	  design	  methods	  and	  may	  lead	  to	  economies	  in	  the	  design	  of	  these	  piles.	  	  
 Summary	  of	  work	  presented	  8.2.The	  research	  presented	   in	   this	   thesis	   investigates	  an	   improved	  model	   for	  strain	  softening	  soil	  and	  the	  simulation	  of	  excavated	  slopes	  and	  stabilisation	  piles	  using	  the	   finite	  element	  method	  with	  nonlocal	   strain	  softening	  regularisation.	   	  At	   the	  end	  of	  each	  chapter,	   the	  work	  presented	  and	  the	  conclusions	  drawn	  were	  summarised.	  	  These	  conclusions	  are	  reviewed	  below	  under	  the	  three	  main	  contributions	  produced	  by	  this	  research.	  	  	  
8.2.1. Nonlocal	  strain	  softening	  regularisation	  The	   nonlocal	   strain	   softening	   regularisation	   method	   was	   implemented	   in	   the	   finite	   element	  code	  ICFEP(Potts	  &	  Zdravković,	  1999).	  	  The	  nonlocal	  method	  calculates	  a	  nonlocal	  strain	  using	  the	   local	  strains	  at	   the	  calculation	  point	  and	   in	   the	  surrounding	  area.	   	  The	  nonlocal	  deviatoric	  plastic	  strain	  is	  used	  to	  define	  the	  limits	  of	  peak	  and	  residual	  strength.	  	  Low	  mesh	  dependence	  when	  employing	  the	  nonlocal	  method	  was	  demonstrated	  for	  analyses	  simulating	  simple	  shear,	  biaxial	   compression	   and	   the	   boundary	   value	   problem	   of	   an	   excavated	   stiff	   clay	   slope	   with	  coupled	  consolidation.	  	  Slope	  analyses	  were	  performed	  for	  soil	  properties	  representing	  London	  Clay,	  while	   the	   simple	   shear	  and	  biaxial	   compression	  analyses	  were	  performed	   for	  undrained	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and	   drained	   analyses,	   with	   soil	   strength	   defined	   in	   terms	   of	   Su,	   φ’	   and	   c’	   and	   φ’	   only.	   	   This	  demonstrates	   the	  wide	  applicability	  of	   the	  nonlocal	  method	   to	  other	   types	  of	   strain	   softening	  soil	  to	  regulate	  strain	  softening	  and	  avoid	  mesh	  alignment	  and	  convergence	  problems.	  Three	  variations	  of	  the	  nonlocal	  equations	  were	  studied:	  the	  original	  nonlocal(Eringen,	  1981),	  the	  G&S	  modified	  weighting	  function	  (Galavi	  &	  Schweiger,	  2010)	  and	  the	  alpha	  modification	  of	  the	  nonlocal	  calculation	  (Vermeer	  &	  Brinkgreve,	  1994).	  	  These	  were	  compared	  in	  simple	  shear	  and	   biaxial	   compression	   analyses	   using	  meshes	  with	   varied	   numbers	   of	   elements.	   	   The	   over-­‐nonlocal	  method	  provided	  very	  good	  results	  with	  a	  value	  of	  the	  alpha	  parameter,	  α,	  of	  1.5.	  	  For	  larger	   alpha	   values	   and	   small	   element	   sizes	   this	   method	   did	   not	   successfully	   regularise	   the	  strain	   softening.	   	   The	   G&S	  modified	  method	   consistently	   provided	   an	   improvement	   over	   the	  original	  nonlocal	  method	  and	  this	  method	  was	  selected	  for	  use	  in	  the	  stiff	  clay	  cutting	  analyses.	  	  The	  nonlocal	  methods	  require	  the	  specification	  of	  an	  additional	  parameter	  for	  the	  calculation	  of	  nonlocal	   strains,	   the	   defined	   length,	   DL.	   	   This	   parameter	   defines	   the	   shape	   of	   the	   weighting	  function,	  used	   to	  calculate	   the	  contribution	  of	  a	  reference	   local	  strain	   to	   the	  calculation	  of	   the	  nonlocal	  strain,	  depending	  on	  the	  distance	  of	  the	  reference	  strain	  from	  the	  calculation	  point.	  	  A	  larger	   value	   of	   DL	   produces	   a	  more	   squat	   distribution	   for	   the	  weighting	   function,	   where	   the	  contribution	  of	  closer	  strains	  is	  lower	  while	  the	  contribution	  of	  strains	  at	  a	  larger	  distance	  from	  the	  calculation	  point	  is	  higher.	  	  This	  reduces	  the	  rate	  of	  softening.	  	  The	  size	  of	  the	  DL	  should	  also	  be	   considered	   in	   comparison	   to	   the	   size	   of	   the	   elements	   in	   the	   finite	   element	   mesh.	   	   Their	  relative	   size	   should	   allow	   for	   a	   sufficient	   number	   of	   reference	   strain	   locations	   to	  modify	   the	  local	   strain	   distribution	   and	   reduce	   the	   mesh	   dependence	   behaviour.	   	   In	   a	   finite	   element	  analysis,	  the	  choice	  of	  the	  mesh	  employed	  should	  be	  a	  compromise	  between	  sufficient	  elements	  to	  provide	  the	  resolution	  of	  detail	  required	  whilst	  limiting	  the	  number	  of	  elements	  to	  reduce	  the	  numerical	  cost	  of	  the	  analysis.	   	  From	  biaxial	  compression	  and	  slope	  analyses	  it	  was	  found	  that	  the	  element	  size	  to	  DL	  ratio	  should	  be	  at	  least	  1	  to	  2.	  To	  simulate	  a	  realistic	  softening	  rate	  for	  a	  material	  requires	  the	  combination	  of	  an	  appropriate	  value	  for	  DL	  with	  the	  strain	  limits	  for	  the	  peak	  and	  residual	  strengths.	  	  For	  London	  Clay,	  a	  value	  of	  DL	  of	  1m	  with	  peak	  and	  residual	  strain	   limits	  of	  5%	  and	  20%	  respectively	   for	   the	  nonlocal	  plastic	  deviatoric	  strain	  was	  selected	  from	  a	  set	  of	  biaxial	  compression	  analyses.	  	  These	  analyses	  compared	   the	   variation	  of	   strain	   softening	   rates	  due	   to	  DL	  with	   analyses	   employing	   the	   local	  percentage	  strain	  softening	  method.	   	  Although	  the	   local	  percentage	  strain	  softening	  method	   is	  dependent	  on	  the	  size	  of	  the	  elements,	  the	  comparison	  analyses	  were	  a	  combination	  of	  element	  sizes	  and	  strain	   limits	   that	  had	  been	  previously	  calibrated	   for	  London	  Clay	   from	  simple	  shear	  and	  triaxial	   test	  results	  (Potts	  et	  al.,	  1997).	   	  Analyses	  presented	   in	  Appendix	  A	  also	  confirmed	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the	   finding	   by	   (Kovacevic,	   1994)	   that	   the	   strain	   rate	   does	   not	   have	   a	   large	   influence	   on	   the	  location	  of	  the	  slip	  surface	  for	  stiff	  clay	  cuttings,	  but	  it	  does	  influence	  the	  time	  to	  slope	  failure.	  The	   choice	   of	   DL	   is	   therefore	   important	   in	   predicting	   the	   time	   to	   slope	   failure,	   but	   less	  important	  for	  simulating	  the	  interaction	  of	  a	  slope	  and	  stabilisation	  piles.	  An	   additional	   nonlocal	   parameter	   can	   be	   specified	   to	   improve	   the	   numerical	   efficiency	   of	   the	  nonlocal	  strain	  calculations.	  	  The	  radius	  of	  influence,	  RI,	  limits	  the	  distance	  that	  is	  searched	  for	  local	   reference	  strains	   for	  each	  nonlocal	   calculation.	   	   If	   the	  RI	   is	   too	  small,	   the	  nonlocal	   strain	  calculation	   will	   reference	   insufficient	   strains	   to	   calculate	   the	   same	   values	   as	   analyses	   not	  specifying	  an	  RI	  that	  reference	  all	  local	  strains.	  	  It	  was	  found	  that	  in	  an	  excavated	  slope	  analysis	  with	  2180	  elements	  an	  RI	  of	   three	  multiples	  of	   the	  DL	  value	  (1m)	  gave	  a	  sufficiently	  accurate	  calculation	  of	  nonlocal	  strains	  in	  only	  5	  to	  6%	  of	  the	  computer	  time	  of	  an	  analysis	  referencing	  all	  strains	  (no	  RI	  specified).	  	  The	  computer	  time	  for	  the	  RI	  =	  3m	  nonlocal	  analysis	  was	  only	  two	  to	  three	  times	  the	  computer	  time	  of	  a	  similar	  simulation	  employing	  the	  local	  displacement	  strain	  softening	   method.	   	   Given	   the	   demonstrated	   reduction	   in	   mesh	   dependence	   and	   increased	  numerical	   cost,	   the	  nonlocal	  method	  offers	   a	   viable	   regularisation	  option	   for	  modelling	   strain	  softening.	  	  
8.2.2. Mesh	  dependence	  of	  strain	  softening	  soil	  in	  finite	  element	  analyses	  The	  design	   of	   new	   finite	   element	  meshes	   to	   simulate	   vertical	   stabilisation	   piles	   in	   a	   stiff	   clay	  slope	   provided	   an	   opportunity	   to	   study	   the	   mesh	   dependence	   of	   the	   local	   strain	   softening	  methods.	  	  The	  two	  methods	  originally	  available	  in	  ICFEP	  define	  the	  strain	  softening	  limits	  using	  either	   a	   percentage	   of	   local	   deviatoric	   plastic	   strain	   or	   a	   displacement.	   	   The	   local	   percentage	  strain	   is	   directly	   dependent	   on	   the	   size	   of	   the	   elements.	   	   The	   displacement	   strain	   softening	  approach	   attempts	   to	   account	   for	   element	   size	   by	  modifying	   the	   strain	   limits	   by	   the	   element	  size,	   but	   biaxial	   compression	   and	   slope	   analyses	   employing	   this	   method	   still	   demonstrated	  significant	  mesh	  dependence.	  	  The	  calculated	  local	  strain	  is	  not	  directly	  influenced	  by	  the	  size	  of	  surrounding	   strains.	   	   This	   can	   lead	   to	   one	   individual	   point	   in	   the	  mesh	   excessively	   softening	  compared	   to	   the	  surrounding	  points.	   	  This	  can	   link	   the	  direction	  of	  softening	  geometrically	   to	  the	  calculation	  points	  and	  result	   in	   slip	   surfaces	  aligned	   to	   the	  vertices	  of	   the	  mesh	  elements.	  	  For	  the	  excavated	  slope	  analyses	  this	  resulted	  in	  a	  significant	  variation	  in	  the	  time	  to	  failure	  and	  in	  the	  development	  of	  displacements	  and	  strains	  within	  the	  slope.	  	  There	  was	  still	  some	  mesh	  dependence	  shown	  by	  a	  comparative	  set	  of	  slope	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  method,	  although	  the	  variation	  in	  time	  to	  failure	  and	  in	  strain	  distribution	  was	  much	  smaller	  than	  in	  the	  equivalent	  local	  displacement	  strain	  softening	  results.	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A	  study	  of	  the	  variation	  of	  the	  factor	  of	  safety	  for	  these	  nonlocal	  and	  local	  analyses	  revealed	  an	  additional	   contribution	   to	  mesh	  dependent	  behaviour	   in	   stiff	   clay	  cutting	  analyses.	   	  When	   the	  factor	  of	   safety	  was	  evaluated	   immediately	  after	  excavation,	   the	  value	   for	   factor	  of	   safety	  and	  the	  position	  of	   the	   slip	   surfaces	   showed	  much	   lower	  mesh	  dependence	   for	  both	   the	   local	   and	  nonlocal	  strains	  softening	  analyses.	  	  The	  distribution	  of	  strain	  and	  therefore	  the	  position	  of	  the	  slip	   surfaces	   were	   similar	   for	   the	   six	   meshes	   with	   varying	   element	   discretisation	   that	   were	  employed.	   	  When	   simulated	   time	  and	   consolidation	  of	   the	   soil	   is	  modelled	  until	   failure	  of	   the	  slope,	  a	  different	  strain	  distribution	  was	  produced	  that	  varied	  depending	  on	  the	  discretisation	  of	  the	  mesh	  employed.	  	  The	  post	  excavation	  factor	  of	  safety	  analyses	  therefore	  do	  not	  provide	  a	  realistic	  position	  for	  the	  slip	  surfaces	  in	  the	  slope	  at	  failure.	  	  Evaluating	   the	   factor	   of	   safety	   immediately	   after	   excavation	   means	   that	   no	   period	   of	  consolidation	   of	   the	   soil	   is	   permitted.	   	   The	   factor	   of	   safety	   value	   was	   found	   to	   reduce	   if	   an	  increase	  in	  the	  period	  of	  consolidation	  was	  permitted	  before	  the	  factor	  of	  safety	  was	  evaluated.	  	  This	  is	  the	  expected	  response	  after	  a	  slope	  is	  excavated	  in	  a	  low	  permeability	  material	  such	  as	  stiff	   clay.	   	   It	   also	   demonstrates	   the	   difficulty	   of	   using	   a	   single	   factor	   of	   safety	   to	   evaluate	   a	  geotechnical	  problem	  with	  time	  dependent	  behaviour.	  	  When	  30	  years	  or	  more	  of	  consolidation	  was	  permitted	  prior	   to	   the	   evaluation	  of	   the	   factor	   of	   safety,	   the	   strain	  distribution	   at	   failure	  was	  almost	  identical	  to	  that	  from	  the	  analysis	  with	  consolidation	  until	  failure,	  when	  employing	  the	  nonlocal	  strain	  distribution.	   	  For	  the	  six	  meshes	  of	  varied	  element	  discretisation	  employed	  in	  these	  analyses,	  the	  similarity	  of	  the	  post	  excavation	  results	  and	  mesh	  dependence	  of	  the	  30	  years	  of	  consolidation	  factor	  of	  safety	  analyses	  indicates	  that	  the	  simulation	  of	  consolidation	  is	  contributing	   to	   the	  mesh	  dependence	  of	   the	  stiff	   clay	  excavated	  slope	  analyses.	   	  Nevertheless,	  consolidation	   should	   continue	   to	   be	  modelled	   because	   it	   provides	   an	   appropriate	   pore	  water	  pressure	  response	  to	  the	  excavation	  of	  the	  slope,	  which	  greatly	  affects	  the	  failure	  mechanism	  of	  the	  slope.	  	  
8.2.3. Application	  to	  stabilisation	  piles	  The	  lower	  mesh	  dependence	  of	  the	  nonlocal	  strain	  softening	  analyses	  enables	  the	  application	  of	  this	  method	  with	  confidence	  to	  the	  simulation	  of	  stabilisation	  piles	  in	  a	  stiff	  clay	  cutting.	  	  Two-­‐dimensional	  coupled	  consolidation	  finite	  element	  slope	  analyses	  simulated	  the	  excavation	  and	  response	   to	   excavation	  of	   a	   10m	  high	  1	   in	  3	   stiff	   clay	   slope.	   	  A	   single	  mesh	  was	   employed	   to	  reduce	   the	   influence	   of	  mesh	   dependency	   on	   the	   results.	   	   A	   parametric	   study	   of	   stabilisation	  piles	   was	   performed	   to	   examine	   the	   influence	   of	   pile	   dimensions,	   location	   and	   time	   of	  construction	   on	   the	   contribution	   to	   slope	   stability.	   	   None	   of	   piles	   modelled	   resulted	   in	   a	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permanently	  stable	  slope,	  however	   the	   time	  to	   failure	  was	   increased	   from	  40	  years	   to	  greater	  than	  200	  years	   in	  a	   few	  cases.	   	  The	  pile	  provided	   the	  greatest	   improvement	   in	   slope	   stability	  when	  the	  slip	  surfaces	   that	  would	  develop	  without	   the	  pile	  were	  significantly	  disrupted.	   	  This	  leads	  to	  a	  change	  in	  the	  eventual	  failure	  mechanism	  of	  the	  slope	  and	  pile	  system.	  	  Failure	  of	  the	  slope	  can	  occur	  downslope	  or	  upslope	  of	  the	  pile	  for	  the	  locations	  near	  the	  crest	  and	  at	  the	  base	  of	  the	  slope.	  	  The	  pile	  can	  force	  the	  critical	  slip	  surface	  to	  move	  deeper	  or	  to	  switch	  to	  a	  different	  deeper	  potential	  slip	  surface.	  The	   transition	   from	  one	   failure	  mechanism	   to	   another	  was	   demonstrated	   for	   a	   change	   in	   the	  location	  of	  a	  15m	  pile	  between	  the	  toe	  and	  crest	  of	  the	  slope,	  when	  it	  is	  constructed	  immediately	  after	  excavation.	  	  The	  zone	  between	  the	  middle	  and	  toe	  of	  the	  slope	  was	  found	  to	  provide	  a	  large	  improvement	  in	  slope	  stability	  for	  this	  pile	  length,	  although	  a	  pile	  at	  the	  toe	  of	  the	  slope	  reduced	  slope	   stability.	   	   The	   influence	   of	   a	   change	   in	   pile	   length	   for	   one	   location	   demonstrated	   the	  importance	  of	   identifying	  all	   the	  mechanically	  viable	  slip	  surfaces	  and	  designing	  sufficient	  pile	  length	  to	  interrupt	  them.	  	  The	  influence	  of	  the	  pile	  diameter	  was	  investigated	  for	  a	  15m	  long	  pile	  in	   three	   pile	   positions	   representing	   the	   three	   main	   failure	   mechanisms	   attributed	   to	   pile	  position.	   	  An	   increase	   in	  pile	  diameter	  did	  not	   always	   increase	   the	   contribution	   to	   stability,	   a	  useful	  observation	  to	  reduce	  construction	  costs	  of	  stabilisation	  piles.	   	  A	  more	  rigid	  pile	  would	  cause	   unfavourable	   soil	  movements	   in	   some	   cases,	   reducing	   the	   time	   to	   failure	   slightly.	   	   The	  bending	  moment	  distribution	  in	  the	  pile	  was	  found	  to	  vary	  significantly	  over	  the	  lifetime	  of	  the	  pile	  and	  slope	  system.	   	   In	  almost	  all	   cases,	   the	   largest	  bending	  moments	  prior	   to	  slope	   failure	  occurred	  in	  the	  first	  40	  years	  after	  pile	  installation.	  	  The	  bending	  moments	  and	  shear	  forces	  did	  not	  come	  close	  to	  exceeding	  the	  capacity	  of	  the	  piles	  with	  typical	  materials	  and	  reinforcement.	  The	  time	  of	  pile	  construction	  was	  found	  to	  be	  very	  influential	  on	  the	  contribution	  of	  the	  pile	  to	  slope	  stabilisation.	   	  Construction	  of	  a	  pile	   immediately	  after	  excavation	  of	   the	  slope	  simulates	  the	  construction	  of	  a	  new,	  overly	  steep	  slope	  with	  additional	  stabilisation	  to	  extend	  the	  design	  life	  of	  the	  slope.	  	  Construction	  of	  a	  pile	  after	  a	  period	  of	  consolidation	  is	  more	  representative	  of	  a	  system	  of	  stabilisation	  piles	  installed	  as	  a	  remedial	  measure.	  	  It	  was	  found	  that	  if	  the	  slip	  surface	  had	  developed	  beyond	  the	  pile	  location	  prior	  to	  pile	  construction,	  the	  pile	  did	  not	  significantly	  alter	  the	  existing	  strain	  distributions	  and	  the	  original	  failure	  mechanism	  persisted.	   	  This	  could	  occur	   as	   a	   result	   of	   the	   strain	   softening	   behaviour	   of	   the	   soil	   encouraging	   the	   continued	  development	  of	  a	  slip	  surface	  once	  it	  has	  begun.	   	  As	  the	  soil	   loses	  strength	  on	  the	  slip	  surface,	  some	   of	   the	   load	   on	   the	   softening	   soil	   is	   transferred	   to	   the	   surrounding	   soil.	   	   Further	  investigation	  of	  the	  influence	  of	  strain	  softening	  behaviour	  in	  this	  situation	  would	  be	  useful.	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The	  variation	  of	  the	  factor	  of	  safety	  value	  was	  also	  evaluated	  for	  the	  pile	  constructed	  at	  different	  times	   after	   slope	   failure.	   	   	   If	   the	   factor	   of	   safety	   was	   evaluated	   immediately	   after	   pile	  construction,	   it	   exaggerated	   the	   long-­‐term	   contribution	   of	   the	   pile	   to	   slope	   stability,	   when	  compared	   to	   a	   factor	   of	   safety	   evaluated	   for	   the	   same	   analysis,	   but	   after	   a	   period	   of	  consolidation.	   	  All	   the	   factor	  of	  safety	  analyses	  underestimate	   the	  bending	  moment	  of	   the	  pile	  close	   to	   failure	   compared	   to	   the	   consolidation	   until	   failure	   analyses.	   	   This	   reduces	   the	  confidence	  in	  the	  use	  of	  a	  single	  factor	  of	  safety	  value	  to	  demonstrate	  the	  contribution	  of	  the	  pile	  to	  stabilisation	  and	  to	  calculate	  the	  bending	  moments	  in	  the	  pile.	  The	  stabilisation	  pile	  analyses	  have	  demonstrated	  the	  importance	  of	  understanding	  the	  change	  in	   strain	   distribution	   due	   to	   the	   presence	   of	   the	   pile.	   	   Pile	   dimensions	   (length	   and	   diameter)	  should	   be	   designed	   once	   an	   appropriate	   location	   in	   the	   slope	   has	   been	   identified.	   	   This	  may	  become	   iterative	   for	   the	   combination	   of	   pile	   position	   and	   length.	   	   The	   pile	   investigation	  presented	  in	  this	  thesis	  demonstrates	  that	  finite	  element	  analyses	  employing	  the	  nonlocal	  strain	  softening	  regularisation	  provide	  a	  useful	  tool	  to	  understand	  this	  geotechnical	  problem.	  	  	  	  
 Recommendations	  for	  further	  research	  8.3.There	  is	  a	  wide	  scope	  for	  expansion	  of	  this	  topic,	  which	  could	  provide	  further	  understanding	  of	  pile	   and	   stiff	   clay	   slope	   interaction	   and	   useful	   guidelines	   for	   stabilisation	   pile	   design.	   	   The	  recommendations	  to	  extend	  the	  investigation	  of	  pile	  and	  slope	  interaction	  are	   listed	  below.	   	   It	  would	   also	   be	   useful	   to	   investigate	   the	   reasons	   for	   and	   any	   methods	   to	   reduce	   the	   mesh	  dependency	   demonstrated	   when	   modelling	   consolidation.	   	   The	   nonlocal	   strain	   softening	  regularisation	  can	  be	  employed	  for	  strain	  softening	  soils	  modelling	  geotechnical	  problems	  other	  than	  stiff	  clay	  excavated	  slopes	  and	  the	  selection	  of	  an	  appropriate	  DL	  value	  for	  these	  soils	  could	  be	  further	  investigated.	  
• The	   influence	  of	  pile	   length	  and	  time	  of	  pile	  construction	   in	  other	  positions	  within	   the	  slope	  
• A	   comparison	   of	   beam	   and	   solid	   elements	   in	   a	   position	   that	   is	   not	   a	   transition	   zone	  between	  two	  failure	  mechanisms	  
• Modelling	  the	  variation	  in	  pile	  diameter	  using	  solid	  piles	  and	  fixed	  spacing	  width	  
• The	  extension	  of	  this	  work	  to	  three	  dimensions	  to	  investigate	  arching	  between	  piles	  
• The	  influence	  of	  fixity	  of	  the	  top	  and	  bottom	  of	  the	  pile	  on	  its	  behaviour	  
• Use	  of	  interface	  elements	  to	  model	  gapping	  of	  the	  soil	  close	  to	  the	  pile	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• A	  comparison	  of	  pile	  and	  soil	   interaction	  for	  an	  excavated	  slope	   in	  a	  constant	  strength	  (non-­‐softening)	   soil,	   to	   establish	   which	   responses	   are	   related	   to	   the	   strain	   softening	  behaviour	  of	  stiff	  clay.	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Appendix	  A. Parametric	   Investigation	   of	   Soil	   Properties	   for	   Excavated	   Slope	  
Analyses	  employing	  the	  nonlocal	  method	  	  
A.1. Introduction	  Previous	   analyses	   studying	   stiff	   clay	   excavated	   slopes	   or	   cuttings	   have	   employed	   strain	  softening	   soil	  models	   that	  have	  now	  been	   shown	   to	  be	  mesh	  dependent.	   	   These	   analyses	  will	  employ	   a	   nonlocal	   strain	   softening	   method	   that	   has	   been	   shown	   to	   have	   much	   lower	   mesh	  dependence.	   	   A	   parametric	   study	   of	   how	   soil	   properties	   affect	   the	   development	   of	   failure	  surfaces	  within	   the	  slope	  will	  be	  more	  reliable	   than	  previous	   investigations	  employing	  a	   local	  strain	  softening	  method.	  	  The	  initial	  slope	  stability	  analyses	  presented	  in	  Section	  5.3	  employ	  the	  soil	  properties	  adopted	  in	  the	  investigations	  by	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1997).	   	  The	  new	  mesh	  designed	  to	  incorporate	  vertical	  piles	  within	  the	  slope	  required	  a	  new	  permeability	  profile	  as	  described	  in	  Section	  3.5.3.	  	  This	  profile	  was	  taken	  from	  a	  more	  recent	  investigation	  on	  slope	   stability	   in	   London	   Clay(Kovacevic	   et	   al.,	   2007).	   	   This	   investigation	   also	   presented	  alternative	  values	  for	  other	  soil	  properties	  to	  represent	  the	  behaviour	  of	  London	  Clay.	  	  It	  would	  be	  advantageous	  to	  have	  one	  source	  for	  soil	  properties.	  	  In	  addition	  to	  the	  permeability	  from	  the	  Kovacevic	   et	   al.	   (2007)	   paper,	   the	   other	   soil	   properties	   given	   for	   London	   Clay	   could	   be	  employed	   in	   the	   analyses.	   	   An	   assessment	   of	   the	   influence	   of	   changing	   each	   of	   these	   soil	  properties	  individually	  will	  indicate	  the	  sensitivity	  of	  excavated	  stiff	  clay	  analyses	  to	  the	  chosen	  parameters.	  	  These	  analyses	  are	  presented	  in	  Sections	  A.3	  to	  A.7.	  	  
A.2. Soil	  properties	  for	  London	  Clay	  Soil	   properties	  define	   the	  material	   response	   to	   the	   change	   in	   loads	   caused	  by	   excavation	  of	   a	  slope.	   	   The	   expected	   behaviour	   of	   stiff	   clay	   and	   relevant	   soil	   properties	   were	   discussed	   in	  Section	  3.3.	   	   The	   expected	   response	   to	   changes	   in	   soil	   strength	  when	  using	   the	   nonlocal	  G&S	  strain	  softening	  method	  was	  confirmed	   in	   the	  biaxial	  compression	   investigations	  presented	   in	  Section	  5.2.3.	   	  The	  London	  Clay	  soil	  properties	  employed	   in	   the	   initial	   slope	  stability	  analyses	  presented	   in	   Chapters	   3	   and	   5	  were	   sourced	   from	   Kovacevic	   (1994)	   and	   Potts	   et	   al.	   (1996).	  	  	  These	  are	   compared	   to	   the	   soil	  properties	   from	  a	  more	   recent	   excavated	   slope	   finite	   element	  simulation	  (Kovacevic	  et	  al.,	  2007)	  in	  Table	  6.1.	   	  Due	  to	  the	  new	  mesh	  designed	  to	  incorporate	  vertical	  stabilisation	  piles,	   it	   is	  necessary	  to	  use	  one	  of	  the	  permeability	  profiles	  from	  the	  new	  set	  of	  data,	  k(b)	  as	  discussed	  in	  Section	  3.6.1.	   	  The	  remaining	  new	  soil	  properties	  demonstrate	  the	  variability	  of	  London	  Clay	  parameters	  that	  could	  be	  applied.	  	  The	  two	  sets	  of	  soil	  parameters	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provide	  the	  opportunity	  to	  investigate	  the	  effects	  of	  varying	  each	  of	  the	  parameters	  individually.	  	  The	  results	  will	  inform	  the	  choice	  of	  soil	  properties	  for	  the	  piles	  parametric	  analyses	  in	  Chapter	  7.	  The	  analyses	  presented	   in	  this	  section	  use	  the	  soil	  properties	   from	  Kovacevic	  (1994)	  with	  the	  exception	  of	  the	  k(b)	  permeability	  profile	  from	  Kovacevic	  et	  al.	  (2007)	  for	  the	  primary	  reference	  analysis.	   	   The	   soil	   properties	   were	   then	   changed	   individually	   in	   separate	   analyses,	   so	   their	  influence	  on	  slope	  stability	  can	  be	  assessed.	  	  The	  parametric	  study	  was	  performed	  for	  analyses	  with	  a	  nonlocal	  defined	  length	  parameter,	  DL	  of	  2.1m	  and	  a	  radius	  of	  influence,	  RI,	  of	  6.3m.	  	  The	  longer	  time	  to	  failure,	  due	  to	  the	  slower	  softening	  rate	  caused	  by	  a	  larger	  DL	  value	  (See	  Section	  5.3.2),	  emphasises	  any	  differences	  in	  the	  time	  to	  failure	  or	  change	  in	  displacement	  over	  time.	  	  A	  DL	  of	  1.0	  is	  recommended	  for	  an	  appropriate	  softening	  rate	  for	  London	  Clay	  (See	  Section	  5.3.4).	  	  The	  use	  of	  a	  larger	  DL	  means	  that	  a	  mesh	  with	  larger	  elements	  can	  still	  provide	  sufficient	  local	  strain	  reference	  points	  for	  the	  nonlocal	  strain	  to	  efficiently	  regularise	  strain	  softening.	  	  A	  mesh	  appropriate	   for	   a	  DL	   of	   2.1m	  has	   larger	   and	   a	   lower	   number	   of	   elements	   and	   therefore	   each	  analysis	  for	  the	  soil	  property	  parametric	  study	  can	  be	  performed	  in	  a	  shorter	  time.	  	  
Table	  A.1	  Soil	  properties	  for	  London	  Clay	  from	  two	  sources	  simulating	  London	  Clay	  cuttings	  Soil	  Property	   Kovacevic	  (1994)	   Kovacevic	  et	  al.	  (2007)	  Bulk	  Unit	  weight,	  γ	   18.8kN/m3	   20	  kN/m3	  Peak	  strength	  (bulk)	   c’	  =	  7kPa,	  	  	  φ’=20°	   c’	  =	  8kPa,	  	  	  φ’=25°	  Residual	  strength	   c’	  =	  2kPa,	  	  	  φ’=13°	   c’	  =	  2kPa,	  	  	  φ’=13°	  Plastic	  Strain,	  εD	   peak	  5%,	  	  	  	  	  residual	  20%	   peak	  2%,	  	  	  	  	  residual	  15%	  Poisson’s	  ratio,	  μ	   0.2	   Small	  strain	  stiffness	  model	  Young’s	  modulus,	  E	   25(p’	  +100)	  	  (min	  4000kPa)	  	  	  	  	  	  	  	  where	  p’	  is	  mean	  effective	  stress	   Small	  strain	  stiffness	  model	  See	  Table	  A.3	  Coefficient	  of	  permeability,	  k	   Spatial	  variation	  k(NK)	  varies	  from	  1	  x	  10-­‐9	  at	  surface	  to	  1	  x	  10	  -­‐10	  at	  20m	  	  See	  Figure	  3.29	  
Nonlinear	  p’	  relationship	  
k(a):	  k0	  =	  2x10-­‐9m/s	  	  b=0.007	  m2/kN	  
k(b):	  	  k0	  =	  5x10-­‐10m/s	  	  b=0.003	  m2/kN	  Coefficient	  of	  Earth	  pressure	  at	  rest,	  K0	   	  varied	  1.0,	  1.5,	  2.0	  (constant	  value)	   2	  profiles	  See	  Figure	  A.12	  Angle	  of	  dilation,	  ψ	   0°	   0°	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A.3. Permeability	  The	   permeability	   of	   the	   soil	   controls	   the	   speed	   of	   dissipation	   of	   excess	   pore	  water	   pressures	  created	  during	  the	  excavation	  of	  the	  slope.	  	  As	  discussed	  in	  Section	  3.2.3,	  the	  permeability	  of	  the	  soil	  is	  expected	  to	  vary	  due	  to	  sedimentation	  and	  stress	  changes.	  	  Two	  permeability	  models	  are	  employed	  to	  vary	  the	  permeability	  of	  the	  soil,	  either	  spatially	  or	  with	  mean	  effective	  stress.	   	  A	  spatially	   varying	   permeability	   profile	   and	   two	   profiles	   using	   the	   effective	   stress	  model	   were	  employed	  in	  the	  preliminary	  slope	  analyses	  presented	  in	  Section	  3.6.1.	  	  The	  profiles	  are	  shown	  in	  Figure	  3.29.	  	  A	  new	  permeability	  profile	  was	  necessary,	  due	  to	  the	  mesh	  design	  required	  for	  vertical	  stabilisation	  piles	  within	  an	  excavated	  slope.	   	  The	  permeability	  analyses	  employed	  the	  local	  displacement	  and	  local	  percentage	  strain	  softening	  model,	  which	  have	  since	  been	  shown	  to	  produce	  mesh	  dependent	  results.	   	  The	  results	  for	  the	  three	  permeability	  profiles	  and	  two	  local	  strain	   softening	   models	   are	   presented	   in	   Figure	   3.30.	   	   These	   results	   are	   repeated	   with	   the	  nonlocal	   G&S	   strain	   softening	   model	   to	   confirm	   the	   choice	   of	   an	   appropriate	   permeability	  profile	  with	  a	   lower	  mesh	  dependent	  strain	  softening	  model.	   	  This	  permits	  an	   investigation	  of	  the	   influence	  of	  permeability	  on	  the	  time	  to	   failure,	  as	  well	  as	   the	  development	  of	  strain.	   	  The	  mesh	  dependence	  of	   the	  nonlocal	  model	   is	  again	   tested,	  as	  well	  as	   the	  mesh	  and	  permeability	  interaction	  through	  the	  use	  of	  different	  mesh	  layouts	  and	  element	  sizes.	  To	   compare	   the	   original	   Kovacevic	   (1994)	   spatial	   permeability	   profile,	   labelled	   k(NK),	   to	   the	  two	  new	  permeability	  profiles	  from	  Kovacevic	  et	  al.	  (2007),	  labelled	  k(a)	  and	  k(b),	  the	  inclined	  element	   mesh	   layout,	   Figure	   5.25(i)	   was	   employed.	   	   Analyses	   employing	   the	   k(a)	   and	   k(b)	  profiles	  were	  also	  performed	  with	  the	  multiple	  pile	  location	  mesh,	  Figure	  5.25(g),	  which	  cannot	  use	  the	  k(NK)	  profile	  due	  to	  the	  lack	  of	  a	  horizontal	  line	  across	  the	  width	  of	  the	  mesh	  at	  the	  base	  of	   the	   slope.	   	   Refer	   to	   Section	   3.6.1	   for	   further	   discussion.	   	   Soil	   properties	   other	   than	  permeability	  are	  as	  specified	  for	  London	  Clay	  cuttings	  in	  Kovacevic	  (1994)	  and	  Table	  6.1.	   	  The	  nonlocal	  DL	  parameter	  was	  2.1m	  and	   the	  RI	  was	  6.3m.	   	   The	   sizes	   of	   the	   elements	   in	   the	   two	  meshes	   are	   2m	   x	   1m	   and	   1.2m	   x	   1m	   for	   the	   inclined	   elements	   and	   multiple	   pile	   meshes	  respectively.	   	   The	   relative	   element	   size	   to	   DL	   ratio	   is	   therefore	   at	   least	   2	   	   for	   the	   smallest	  element	  dimension	  and	  the	  results	  are	  expected	  to	  have	  low	  mesh	  dependence.	  The	  effect	  of	  permeability	  on	  time	  to	  slope	  failure	  and	  the	  horizontal	  displacement	  of	  the	  slope	  are	   presented	   in	   Figure	   A.1.	   	   The	   results	   are	   dependent	   on	   both	   mesh	   configurations	   and	  permeability	  profiles.	   	   The	   variation	  of	   time	   to	   failure	  demonstrates	   the	   same	  pattern	   for	   the	  permeability	  profiles	   as	   shown	   in	  Figure	  3.30,	  with	  k(a)	   creating	   the	   fastest	   slope	   failure	   and	  	  the	   k(b)	   and	   k(NK)	   profiles	   resulting	   in	   a	   similar	   time	   to	   failure.	   	   The	   nonlocal	   strain	  distribution	  at	  failure	  identifies	  the	  softening	  zones	  and	  is	  shown	  for	  two	  cross	  sections	  of	  the	  mesh	  in	  Figure	  A.2	  at	  (a)	  the	  base	  of	  the	  slope	  and	  (b)	  midslope.	  	  There	  is	  a	  small	  difference	  in	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the	   strain	   distribution	   at	   failure	   for	   a	   cross	   section	   of	   the	   midslope,	   Figure	   A.2(b),	   which	   is	  caused	  by	  the	  mesh	  used	  and	  not	  the	  permeability	  profile.	  	  The	  difference	  in	  the	  time	  to	  failure	  and	  strain	  distribution	  caused	  by	  the	  two	  meshes	  with	  both	  k(a)	  and	  k(b)	  permeability	  profiles	  is	   similar	   to	   the	  difference	   for	   the	   two	  mesh	   layouts	   shown	   in	  Figure	  5.27	  and	  Figure	  5.28(c)	  and	  (d).	  	  The	  inclined	  elements	  mesh	  resulted	  in	  an	  earlier	  time	  to	  failure	  with	  a	  more	  shallow	  and	  thin	  area	  of	  high	  nonlocal	  strains.	  	  	  The	   strain	   distribution	   at	   the	   base	   of	   the	   slope,	   Figure	   A.2(a)	   varies	   for	   both	   the	   mesh	   and	  permeability.	   	   For	   the	   first	   5m	   below	   the	   base	   the	   responses	   coincide	   except	   for	   the	   k(NK)	  profile.	  	  This	  indicates	  that	  the	  use	  of	  different	  permeability	  models	  affects	  the	  response	  of	  the	  soil	  immediately	  below	  the	  cutting.	  	  The	  strain	  distribution	  responses	  of	  the	  soil	  at	  deeper	  than	  5m	  are	  more	  dependent	  on	   the	  permeability	  profile	   employed.	   	  The	  k(b)	   results	   are	   separate	  with	  slightly	  larger	  strains	  than	  the	  k(a)	  and	  k(NK)	  profiles,	  although	  mesh	  effects	  are	  visible	  for	  the	  multiple	  pile	  mesh	  at	  15m	  below	  the	  surface,	  or	  labelled	  as	  5m	  above	  the	  base	  of	  the	  mesh	  on	   the	   vertical	   axis.	   	   Given	   that	   the	   influence	   of	   the	   mesh	   layout	   interferes	   with	   the	  interpretation	  of	  permeability	   effects,	   the	  k(a)	   and	  k(b)	  permeability	  profiles	  were	   applied	   to	  additional	   analyses	   employing	   the	  mesh	   layouts	   that	   gave	  more	   comparable	   results	   in	   Figure	  5.27	  and	  Figure	  5.28.	  	  As	  the	  k(NK)	  profile	  can	  only	  be	  applied	  when	  the	  inclined	  element	  mesh	  is	  employed	  and	  not	  for	  any	  of	  the	  other	  mesh	  outlays	  that	  are	  designed	  to	  model	  vertical	  piles,	  further	  analyses	  with	  this	  permeability	  model	  are	  not	  presented.	  The	   analyses	  presenting	  only	   the	  differences	  between	   the	  k(a)	   and	  k(b)	  permeability	  profiles	  are	  shown	  in	  Figure	  A.3	  and	  Figure	  A.4.	  	  They	  employ	  three	  meshes	  with	  similar	  element	  sizes	  of	   1.05m	   by	   1m	   or	   1.2m	   by	   1m,	   but	   different	   mesh	   layouts	   corresponding	   to	   the	  meshes	   in	  Figure	  5.25	  (b),	  (e)	  and	  (g).	  	  For	  the	  multiple	  pile	  mesh	  layout,	  the	  results	  are	  the	  same,	  as	  those	  presented	  in	  Figure	  A.1	  and	  Figure	  A.2.	  	  The	  variation	  of	  the	  horizontal	  displacement	  over	  time,	  Figure	   A.3(a),	   demonstrates	   the	   influence	   of	   permeability	   on	   the	   time	   to	   failure.	   	   For	   the	  employed	  soil	  properties	  and	  DL	  of	  2.1m,	  the	  k(a)	  profile	  leads	  to	  the	  failure	  at	  around	  25	  years	  and	  the	  k(b)	  profile	  leads	  to	  failure	  at	  about	  75	  years.	  	  The	  variation	  in	  time	  to	  failure	  due	  to	  the	  mesh	  layout	  is	  small	  in	  comparison	  to	  the	  effects	  of	  permeability.	  	  	  This	   is	  also	   true	   for	   the	  nonlocal	  strain	  distribution	  at	  midslope	  accumulated	   for	   the	  20	  years	  after	  excavation,	  Figure	  A.3(b).	  	  The	  k(a)	  analyses	  have	  almost	  reached	  failure,	  whereas	  for	  the	  k(b)	  analyses	  only	  around	  a	  quarter	  of	  the	  failure	  time	  has	  passed	  and	  the	  maximum	  strains	  are	  less	  than	  half	  of	  the	  maximum	  strains	  of	  the	  k(a)	  analyses.	  	  The	  relative	  development	  of	  the	  slip	  surface	  depending	  on	  the	  permeability	  profile	  employed	  reflects	  the	  slower	  dissipation	  caused	  by	   the	   lower	  permeability	  of	   the	  k(b)	  profile	   for	   the	  20m	  below	   the	  original	  ground	   level.	   	  At	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failure	   the	   strain	  distribution	   for	   these	  analyses	  are	   similar	   in	   shape	  and	  position,	  Figure	  A.4.	  	  The	   k(b)	   analyses	   develop	  marginally	   larger	   strains	   than	   the	   k(a)	   analyses	   at	   depths	   10m	  or	  more	  below	  the	  midslope	  of	  the	  cutting,	  showing	  the	  same	  pattern	  as	  the	  strain	  distributions	  for	  the	  inclined	  element	  mesh	  layout,	  Figure	  A.2.	  	  In	  the	  area	  of	  highest	  nonlocal	  strain	  for	  both	  the	  midslope	  and	  base	  pile	  mesh	  layouts,	  Figure	  A.4.,	  the	  peak	  strains	  show	  less	  influence	  from	  the	  permeability	  profile,	  however	  the	  k(b)	  analyses	  have	  more	  pronounced	  peaks	  and	  troughs.	  	  This	  difference	   could	   be	   due	   to	   the	   longer	   time	   period	   over	   which	   strains	   are	   developing,	   which	  permits	   a	   higher	   resolution	   of	   strain	  development	   from	   the	   smaller	   change	   in	   strain	   for	   each	  increment	  of	  the	  analysis.	  	  Overall	  these	  results	  demonstrate	  that	  permeability	  controls	  the	  time	  to	  failure,	  not	  the	  failure	  mechanism	  of	  the	  slope.	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Figure	  A.1	  The	  influence	  of	  permeability	  on	  horizontal	  displacement	  over	  time,	  for	  three	  permeability	  profiles	  and	  two	  mesh	  layouts,	  employing	  the	  nonlocal	  G&S	  strain	  
softening	  model	  with	  DL	  =	  2.1m	  and	  RI	  =	  6.3m	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Figure	   A.2	   The	   influence	   of	   permeability	   on	   strain	   distribution	   at	   failure,	   for	   three	   permeability	   profiles	   and	   two	  mesh	   layouts,	   employing	   the	   nonlocal	   G&S	   strain	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Figure	  A.3	  The	  influence	  of	  permeability	  for	  two	  permeability	  profiles	  and	  three	  mesh	  layouts	  employing	  the	  nonlocal	  strain	  softening	  model	  with	  DL	  =	  2.1m	  and	  RI	  =	  
6.3m.	  (a)	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  (b)	  Vertical	  cross	  section	  at	  midslope	  of	  accumulated	  nonlocal	  strain,	  20	  years	  after	  excavation	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Figure	   A.4	   The	   influence	   of	   permeability	   on	   strain	   distribution	   at	   failure,	   for	   two	   permeability	   profiles	   and	   three	  mesh	   layouts,	   employing	   the	   nonlocal	   G&S	   strain	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A.4. Soil	  Strength	  The	   soil	   strength	   for	   the	   drained	   slope	   analyses	   is	   specified	   using	   the	   angle	   of	   shearing	  resistance,	  φ’,	  cohesion,	  c’	  and	  the	  dilation	  angle	  ψ’.	  	  A	  variation	  of	  soil	  strength	  can	  be	  specified	  in	   the	   strain	   softening	   constitutive	   models	   by	   linking	   the	   initial,	   peak	   and	   residual	   strength	  value	  to	  three	  values	  for	  strain,	  as	  shown	  in	  Figure	  3.2.	  	  	  In	  the	  nonlocal	  strain	  softening	  model,	  the	  nonlocal	   strains	  are	  used	   to	  define	   the	  strains	  at	  which	   these	  strength	  values	  are	  applied.	  Following	   the	   values	   used	   for	   London	   Clay	   by	   Kovacevic	   (1994)	   and	   Potts	   et	   al.	   (1996),	   the	  initial	  and	  peak	  strength	  values	  are	  the	  same	  to	  create	  a	  peak	  strength	  plateau,	  Figure	  3.3.	  	  The	  Kovacevic	  et	  al.	   (2007)	  strength	  values	  also	  define	  a	  peak	  strength	  plateau,	  but	   the	  values	   for	  the	  strength	  parameters	  and	  correlating	  strains	  are	  different,	  Table	  6.1.	   	  The	  effect	  of	  varying	  the	  φ’,	  c’	  and	  strain	  limits	  is	  presented	  later	  in	  this	  section.	  In	  both	  sources	   in	  Table	  6.1,	  a	  zero	  value	  was	  specified	  for	  the	  dilation	  angle,	  adopting	  a	  non-­‐associated	   flow	   rule.	   	   Following	   the	   recommendation	   of	   Kovacevic	   (1994)	   and	   Potts	   et	   al.	  (1997),	   the	   ψ’	   was	   specified	   as	   zero	   to	   avoid	   the	  widening	   of	   the	   slip	   surface	   caused	   by	   the	  inclusion	   of	   a	   positive	   value	   for	   this	   parameter.	   	   A	   slip	   surface	   in	   a	   finite	   element	   analysis	   is	  already	  wider	  than	  expected	  in	  reality	  and	  an	  analysis	  with	  a	  non-­‐zero	  ψ’	  is	  expected	  to	  widen	  the	   slip	   surface	   further.	   	   The	   specification	   of	   an	   angle	   of	   dilation	   increases	   the	   size	   of	   the	  volumetric	   strains	   during	   slip	   surface	   formation.	   	   This	  was	   confirmed	   in	   biaxial	   compression	  analyses	  presented	  in	  section	  5.2.3.1	  and	  Figure	  5.12.	   	  Larger	  volumetric	  strains	  increased	  the	  rate	  at	  which	  the	  material	  softened,	  by	  reducing	  the	  imposed	  vertical	  displacement	  required	  to	  reach	   the	   residual	   reaction	   load.	   	   The	   width	   of	   the	   slip	   surface	   did	   not	   change,	   but	   the	   slip	  surface	  is	  confined	  by	  the	  boundary	  conditions	  of	  the	  biaxial	  compression	  analyses.	   	  In	  a	  finite	  element	   cutting	  analysis,	   the	   location,	   shape	  and	   size	  of	   the	   slip	   surface	   is	  not	  predetermined	  and	  the	  effects	  of	  the	  dilation	  angle	  can	  be	  observed	  in	  an	  unconfined	  setting.	  	  The	  results	  from	  a	  cutting	  analysis	  with	  an	  associated	  flow	  rule	  will	  assess	  the	  Kovacevic	  (1994)	  conclusion,	  whilst	  employing	  a	  less	  mesh	  dependent	  strain	  softening	  model.	  The	  effect	  of	  the	  dilation	  angle	  on	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  is	  shown	  in	  Figure	  A.5.	  	  The	  associated	  analysis	  demonstrates	  a	  marginally	  faster	  development	  of	  horizontal	  displacement,	  but	  the	  results	  are	  very	  similar	  up	  until	  50	  years	  after	  excavation.	  	  After	  50	  years	  the	   non-­‐associated,	   original	  ψ’	   =	   0	   analysis	   has	   greater	  movements	   resulting	   in	   failure	   of	   the	  slope	   at	   around	   74	   years	   after	   excavation	   and	   after	   0.5m	   of	   horizontal	   displacement.	   	   The	  horizontal	   displacement	   slowly	   increases	   for	   the	   associated	   analysis	   reaching	   0.5m	   after	   86	  years.	   	   The	   horizontal	   displacement	   continues	   to	   increase	   reaching	   failure	   after	   almost	   1m	  horizontal	  displacement	  and	  after	  140	  years.	  	  This	  is	  a	  significant	  increase	  in	  displacement	  and	  time	  to	  failure.	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Figure	  A.5	  The	  influence	  of	  the	  dilation	  angle	  on	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  with	  
DL	  =	  2.1m	  and	  RI	  =	  6.3m.	  	  The	  value	  specified	  for	  the	  dilation	  angle	  is	  either	  0°	  or	  matched	  to	  φ’	  with	  the	  same	  strain	  softening	  values.	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Figure	  A.6	  Accumulated	  Strain	  distribution	  over	   time	   for	   two	  nonlocal	  strain	  softening	  analyses	  (DL=2.1m,	  RI=6.3m)	  with	  the	  value	  specified	   for	   the	  dilation	  angle	   is	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To	  explain	  the	  differences,	  vertical	  cross	  sections	  of	  the	  nonlocal	  strain	  distribution	  at	  different	  times	   are	  presented	   in	   Figure	  A.6.	   	   Below	   the	  base	   of	   the	   slope,	   the	   associated	   analyses	   have	  developed	  larger	  nonlocal	  strains	  25,	  50	  and	  70	  years	  after	  excavation,	  indicating	  that	  a	  greater	  area	  of	  the	  soil	  had	  undergone	  strain	  softening,	  Figure	  A.6(a).	  	  At	  midslope	  in	  Figure	  A.6(b)	  the	  level	   of	   nonlocal	   strain	   is	   similar	   after	   25,	   50	   and	   70	   years,	   however	   the	   position	   of	   the	  maximum	  strains	  changes.	   	  The	  associated	  analysis	  has	  a	  slightly	  deeper	  strain	  softening	  zone,	  which	   is	  confirmed	  by	  the	  plot	  of	   local	  plastic	  strain	  contours	   in	  Figure	  A.7.	   	  The	  analyses	  are	  compared	  70	  years	  after	  excavation	  in	  Figure	  A.7(a)	  and	  (c).	   	  The	  local	  strain	  contours	  for	  the	  associated	  analysis	  at	  failure	  in	  Figure	  A.7(d)	  support	  the	  very	  wide	  slip	  surface	  shown	  for	  the	  final	   increment	  of	   the	  associated	  analysis	   at	  both	   the	  base	  and	   the	  midslope,	  Figure	  A.6.	   	  The	  angle	  of	  dilation	  does	  increase	  the	  width	  of	  the	  slip	  surface	  and	  the	  zone	  of	  strain	  softening	  to	  a	  larger	   than	   realistic	   size.	   	   This	   supports	   the	   conclusion	   that	   the	   angle	   of	   dilation	   affects	   slip	  surface	  development	  and	  width	   (Potts	  et	   al.,	   1997).	   	  As	   the	  unwanted	   increase	   in	   slip	   surface	  width	   cannot	   be	   removed	   in	   isolation	   of	   other	   dilation	   angle	   effects	   and	   causes	   a	   larger	   than	  realistic	   slip	   surface,	   it	   is	   not	   possible	   to	   include	   the	   dilation	   angle	   effects	   that	   change	   the	  position	  of	  the	  slip	  surface.	  	  A	  zero	  value	  for	  ψ’	  is	  recommended	  to	  avoid	  an	  unrealistic	  increase	  in	  slip	  surface	  width.	  	  
	  
Figure	  A.7	  The	  influence	  of	  the	  dilation	  angle	  on	  the	  contours	  of	  accumulated	  local	  plastic	  deviatoric	  strain	  
shown	  for	  two	  analyses	  at	  two	  times	  (a)	  and	  (c)	  70	  years	  after	  excavation	  (b)	  and	  (d)	  last	   increment	  of	  the	  
analysis.	  	  The	  plots	  exclude	  a	  large	  portion	  of	  the	  unexcavated	  area	  of	  the	  mesh	  where	  strains	  are	  very	  low.	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The	   other	   strength	   parameters,	   the	   φ’,	   c’	   and	   strain	   limits	   were	   different	   for	   the	   two	   soil	  property	   sources.	   	   This	   provides	   two	   sets	   of	   strength	   values	   and	   two	   sets	   of	   strain	   limits	  defining	  strain	  softening	  rate	  (for	  a	  constant	  DL	  value).	  	  A	  series	  of	  analyses	  were	  performed	  to	  assess	   the	   influence	  of	  each	  of	   these	  sets	  of	  data.	   	  These	  values	  are	  shown	   in	  Table	  6.1,	   listed	  again	  in	  Table	  A.2	  and	  plotted	  for	  comparison	  in	  the	  inset	  of	  Figure	  A.9.	  	  To	  identify	  the	  analyses,	  the	  labels	  in	  the	  figures	  specify	  the	  peak	  φ’	  and	  peak	  strain.	  	  The	  corresponding	  c’	  and	  residual	  values	  can	  be	  found	  in	  Table	  A.2.	  	  The	  shaded	  numbers	  represent	  the	  Kovacevic	  (1994)	  values.	  	  
Table	  A.2	  Variation	  in	  strength	  parameters	  of	  London	  Clay	  from	  two	  sources	  Description	   Peak	  φ’	  (°)	   Peak	   c’	  (kPa)	   Peak	   Strain	  Limit	  (%)	   Residual	  φ’	  (°)	   Residual	  c’	  kPa	   Residual	   Strain	  Limit	  (%)	  Kovacevic	  (1994)	   20	   7	   5	   13	   2	   20	  New	  Strength	  Values	   25	   8	   5	   13	   2	   20	  New	  Strain	  Rate	   20	   7	   2	   13	   2	   15	  Kovacevic	  et	  al.	  (2007)	   25	   8	   2	   13	   2	   15	  	  The	  effects	  of	  increasing	  material	  strength	  were	  investigated	  for	  a	  change	  in	  c’	  in	  Section	  5.2.3.4	  in	  a	  biaxial	  compression	  analyses.	  	  The	  results	  showed	  that	  an	  increase	  in	  the	  material	  strength	  increased	   the	  peak	   reaction	   load	   the	  material	   could	   sustain,	   but	  had	  very	   little	   impact	   on	   the	  strain	   distribution.	   	   In	   the	   simulation	   of	   an	   excavated	   stiff	   clay	   slope,	   the	   increase	   in	   peak	  material	  strength	  from	  φ’	  =	  20°	  and	  c’	  =	  7kPa	  to	  φ’	  =	  25°	  and	  c’	  =	  8kPa	  is	  sufficient	  to	  prevent	  the	  slope	  from	  failing,	  Figure	  A.9.	  	  	  	  The	  stability	  of	  the	  cutting	  is	  of	  course	  a	  function	  of	  the	  slope	  height	  and	  angle,	  as	  well	  as	  material	  properties.	   	   In	   this	  case,	   the	  modelled	  excavated	  slope	   is	  10m	  high	  and	  has	  a	  1	  to	  3	  vertical	  to	  horizontal	  angle.	   	  For	  the	  problem	  analysed,	  a	  change	  in	  material	   strength	   creates	   a	   stable	   slope,	   with	   no	   failure	   and	   almost	   no	   change	   in	   slope	  movements	  more	  than	  160	  years	  after	  excavation,	  Figure	  A.9.	   	  Strain	  softening	  of	  the	  material	  has	   still	   occurred.	   	   Figure	   A.10(a)	   shows	   that	   sufficient	   nonlocal	   plastic	   strain	   has	   developed	  after	   195	   years	   for	   the	   first	   5m	  of	   soil	   below	   the	   base	   of	   excavation	   to	   be	   between	  peak	   and	  residual	  strength	  (5%	  and	  20%	  nonlocal	  strain).	  	  At	  midslope,	  Figure	  A.10(b),	  the	  material	  has	  not	   reached	  5%	  nonlocal	   plastic	   strain.	   	   This	   demonstrates	   that	   a	   slip	   surface	   is	   forming	   and	  strain	   softening	   of	   the	   material	   is	   occurring.	   	   The	   small	   slope	   movements	   after	   100years	   in	  Figure	   A.9	   and	   the	   stunted	   slip	   surface	   in	   Figure	   A.8(b)	   indicate	   that	   the	   softening	   of	   the	  material	  is	  not	  reducing	  the	  soil	  strength	  at	  a	  sufficient	  rate	  or	  to	  a	  sufficiently	  low	  level	  to	  form	  an	  unstable	  mass.	  	  The	  slope	  therefore	  remains	  stable.	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Figure	   A.8	   Accumulated	   local	   plastic	   strain	   contours	   illustrating	   the	   effect	   of	   strength	   values	   and	   strain	  
softening	  limits	  on	  the	  position	  of	  slip	  surfaces	  at	  failure	  for	  four	  different	  analyses.	  	  Increasing	  the	  rate	  and	  initiation	  of	  strain	  softening	  by	  changing	  the	  strain	  limits	  from	  5%	  and	  20%	  to	  2%	  and	  15%,	  but	  maintaining	  the	  peak	  strength	  of	  φ’	  =	  20°	  and	  c’	  =	  7kPa	  reduces	  the	  time	   to	   failure	   in	   Figure	   A.9	   from	   74	   years	   to	   37	   years.	   	   The	   horizontal	   displacement	   of	   the	  midslope	  at	  failure	  is	  similar	  for	  both	  analyses,	  0.5m.	  	  The	  strain	  distributions	  for	  the	  analyses	  with	   the	   same	   strengths	   and	  different	   rates,	   Figure	  A.10,	   also	   show	   similar	   levels	   of	   nonlocal	  plastic	  strain	  and	  the	  shape	  of	   the	  distribution	  at	   failure,	  although	  the	  analysis	  with	  the	   faster	  strain	   softening	   rate	   has	   developed	   lower	   strains	   at	   depth.	   	   The	   larger	   strains	   at	   depth	   are	  insufficient	  for	  strain	  softening	  to	  occur	  and	  the	  change	  in	  strain	  softening	  rate	  does	  not	  change	  the	  position	  or	  values	  of	  the	  peak	  nonlocal	  strains.	  	  For	  the	  two	  sets	  of	  values	  employed,	  the	  rate	  of	  softening	  is	  important	  in	  influencing	  the	  time	  to	  failure,	  but	  not	  the	  failure	  mechanism	  of	  the	  slope.	   	  This	   is	  a	  useful	  conclusion	  given	   the	  uncertainty	  of	  defining	  strain	  softening	   limits	  and	  the	  influence	  of	  the	  nonlocal	  parameter	  DL	  on	  the	  rate	  of	  softening.	  The	   increased	   strain	   rate	   and	   higher	   peak	   strength	   values	   are	   combined	   in	   the	   final	   analysis	  present	  in	  Figure	  A.9	  and	  Figure	  A.10.	   	  This	  analysis	  represents	  the	  strength	  and	  strain	  values	  employed	  to	  model	  London	  Clay	  excavated	  slopes	  by	  Kovacevic	  et	  al.	  (2007).	  	  Initially	  there	  is	  a	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faster	   increase	   in	   horizontal	   displacement	   of	   the	   midslope,	   but	   this	   analysis	   takes	   longer	   to	  reach	  failure	  than	  the	  analysis	  with	  the	  Kovacevic	  (1994)	  strength	  and	  strain	  values,	  Figure	  A.9.	  	  The	  time	  to	  failure	  is	  over	  100	  years,	  compared	  to	  74	  years	  for	  the	  Kovacevic	  (1994)	  analysis.	  	  The	  accumulated	  horizontal	  displacement	  of	  the	  midslope	  at	  failure	  is	  also	  larger	  at	  almost	  0.6m	  compared	  to	  0.5m.	  	  Both	  analyses	  form	  a	  complete	  slip	  surface	  with	  a	  variation	  of	  strength	  along	  it	   due	   to	   strain	   softening,	   Figure	   A.8(a)	   and	   (d).	   	   The	   location	   of	   the	   critical	   slip	   surface	   is	  similar,	   but	   for	   the	   new	   parameters	   there	   is	   greater	   strain	   at	   the	   base,	   Figure	   A.10(a),	   and	   a	  lower	  strain	  at	  the	  midslope,	  Figure	  A.10(b).	  	  This	  is	  also	  visible	  in	  the	  local	  strain	  contour	  plots	  in	   Figure	   A.8.	   	   Given	   the	   same	   sized	   unstable	  masses,	   the	   same	   average	   strength	   is	   required	  along	   the	   slip	   surface	   for	   instability,	   i.e.	   slope	   failure	   to	   occur.	   	   For	   these	   combinations	   of	  strength	  and	  strain	  values	  employed,	  the	  new	  slope	  requires	  a	  different	  distribution	  of	  strength	  and	  therefore	  strain	  values	  along	  the	  slip	  surface	  to	  reach	  the	  required	  average	  strength,	  Figure	  A.8(a)	   and	   (d).	   	   If	   the	   dimensions	   of	   the	   modelled	   slope	   led	   to	   failure	   with	   the	   new	   (2007)	  strength	  parameters	  and	  old	  (1994)	  strain	  rate,	  it	  is	  likely	  that	  the	  strain	  distribution	  at	  failure	  would	  match	   the	  new	  strength	  and	  strain	   rate	  analysis.	   	  These	  analyses	  demonstrate	   that	   the	  values	  for	  strain	  softening	  limits	  control	  the	  time	  to	  failure	  and	  strength	  values	  control	  the	  peak	  distribution	  of	  nonlocal	  strain.	  	  Neither	  of	  these	  parameters	  significantly	  affects	  the	  position	  of	  the	  critical	  slip	  surface.	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Figure	  A.9	  The	   influence	  of	   the	   strength	  parameters	  on	  horizontal	  displacement	  of	   the	  midslope	  over	   time	   for	  analyses	  employing	   the	  nonlocal	  G&S	  strain	   softening	  
model	  with	  DL	  =	  2.1m	  and	  RI	  =	  6.3m.	  Inset	  shows	  the	  variation	  of	  the	  strength	  parameters	  with	  strain.	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Figure	  A.10	  Accumulated	  nonlocal	  strain	  distribution	  at	  failure	  for	  strain	  softening	  analyses	  (DL=2.1m,	  RI=6.3m)	  that	  vary	  the	  strength	  values	  and/or	  strain	  limits.	  	  The	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A.5. Soil	  density	  The	  density	  of	  soil	  is	  defined	  using	  the	  bulk	  density,	  ρ.	  	  This	  is	  calculated	  as	  the	  ratio	  of	  the	  mass	  of	  the	  soil	  over	  its	  volume.	  	  The	  unit	  weight,	  γ,	  is	  sometimes	  specified	  instead,	  this	  is	  the	  ratio	  of	  the	  weight	  of	  the	  soil	  over	  its	  volume.	  	  The	  weight	  is	  a	  force	  that	  in	  the	  case	  of	  soil	  is	  usually	  the	  mass	   of	   the	   soil	   multiplied	   by	   the	   gravitational	   acceleration,	   g,	   acting	   upon	   it,	   where	   g	   =	  9.81m/s2.	  	  The	  unit	  weight	  has	  the	  units	  of	  kN/m3	  and	  the	  bulk	  density	  has	  the	  units	  of	  kg/m3.	  	  Either	  value	  can	  be	  specified	  and	  the	  other	  value	  calculated	  using	  the	  gravitational	  acceleration.	  	  For	  the	  excavated	  slope	  analyses	  presented	  in	  this	  thesis,	   in	  the	  linear	  soil	  properties	  the	  bulk	  density	  of	  the	  soil	  is	  specified	  and	  the	  unit	  weight	  is	  required	  in	  the	  initial	  stress	  file	  to	  calculate	  the	  initial	  stresses.	  	  Two	  different	  values	  for	  the	  unit	  weight	  of	  London	  Clay	  have	  been	  specified	  from	   the	   two	   sources	  presented	   in	  Table	  6.1.	   	  A	   larger	  value	  makes	   the	   soil	   heavier	   and	   thus	  changes	  the	  vertical	  stresses	  in	  the	  soil.	  	  This	  in	  turn	  will	  affect	  the	  horizontal	  stresses	  and	  pore	  water	  pressures.	  	  	  The	  difference	  between	  the	  two	  values,	  18.8	  kN/m3	  and	  20	  kN/m3,	  is	  about	  6%.	  	  Two	  analyses,	  identical	   except	   for	   the	   unit	  weight	   value,	   are	   compared	   in	   Figure	   A.11.	   	   These	   results	   show	  there	  are	  small	  changes	  in	  the	  horizontal	  movement	  of	  the	  slope	  and	  the	  strain	  distribution	  at	  midslope,	   although	   the	   time	   to	   failure	   is	   very	   similar	   for	   both	   analyses.	   	   The	   heavier	   soil,	   20	  kN/m3	  shows	  slightly	   increased	  horizontal	  displacement	  almost	   from	   the	   start	  of	   the	  analysis	  with	   a	   value	   at	   failure	   of	   around	  0.53m	  compared	   to	  0.5m	   for	   the	  18.8	   kN/m3	   analysis.	   	   This	  behaviour	   is	   likely	   due	   to	   the	   increased	   horizontal	   effective	   stresses	   caused	   by	   the	   increased	  weight	   of	   the	   soil.	   	   The	   specified	   coefficient	   of	   earth	   pressure	   at	   rest,	   K0,	   is	   the	   ratio	   of	   the	  vertical	  effective	  stresses	  to	  the	  horizontal	  effective	  stresses.	   	  The	  value	  of	  2.0	  applied	  in	  these	  analyses	   is	   used	   to	   calculate	   the	   initial	   horizontal	   effective	   stresses	   from	   the	   initial	   vertical	  effective	   stresses	   calculated	   using	   the	   unit	   weight	   of	   the	   soil.	   	  When	   the	   soil	   is	   excavated	   to	  create	  the	  slope,	  there	  is	  a	  greater	  release	  of	  lateral	  stress	  leading	  to	  the	  increase	  in	  horizontal	  displacement.	  	  After	  about	  30	  years	  the	  increase	  of	  horizontal	  displacement	  with	  time	  is	  parallel	  for	   the	   two	   analyses,	   Figure	   A.11(a).	   	   This	   suggests	   that	   the	   difference	   in	   displacement	   is	  occurring	  during	  the	  response	  of	  the	  soil	  to	  the	  slope	  excavation	  and	  dissipation	  of	  excess	  pore	  water	  pressures.	  	  The	  position	  of	  the	  slip	  surface	  does	  not	  vary	  significantly,	  although	  there	  is	  a	  small	  change	  in	  the	  pattern	  of	  the	  maximum	  strains	  within	  the	  slip	  surface,	  Figure	  A.11(b).	  	  The	  different	   slope	  movements	  occurring	   in	   the	   two	  analyses	   could	   cause	   these	   small	   differences.	  These	   two	   analyses	   demonstrate	   that	   a	   small	   change	   in	   the	   unit	   weight	   of	   the	   soil	   does	   not	  significantly	  affect	  the	  position	  of	  the	  slip	  surface	  or	  the	  time	  to	  failure.	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Figure	  A.11	  The	  influence	  of	  the	  soil	  density	  in	  a	  nonlocal	  strain	  softening	  analyses	  of	  an	  excavated	  slope	  with	  DL=2.1m	  and	  RI=6.3m	  (a)	  the	  horizontal	  displacement	  
over	  time	  (b)	  the	  accumulated	  nonlocal	  strain	  distribution	  at	  failure	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A.6. Overconsolidation	  of	  soil	  A	  soil	  is	  overconsolidated	  if	  it	  has	  experienced	  a	  greater	  vertical	  effective	  stress	  than	  its	  current	  vertical	  stress.	  	  Stiff	  clays	  are	  usually	  overconsolidated	  soils.	  	  	  London	  Clay	  in	  the	  London	  basin,	  for	  example,	  was	  once	  buried	  much	  deeper	  than	  its	  current	  depth.	  	  Its	  depth	  has	  changed	  due	  to	  the	   formation	   of	   mountain	   ranges	   and	   erosion	   of	   the	   material	   deposited	   above	   it.	   	   The	  overconsolidation	   of	   the	   material	   can	   vary	   both	   with	   depth	   and	   spatially,	   making	   it	   a	   site	  specific	   property.	   	   In	   previous	   studies	   of	   London	   Clay	   cut	   slopes,	   this	   property	  was	   found	   to	  have	  a	  major	  effect	  on	  slope	  stability	  (Kovacevic	  et	  al.,	  2007;	  Potts	  et	  al.,	  1997;	  Kovacevic,	  1994).	  	  The	  extent	  of	  overconsolidation	  of	  the	  soil	  is	  specified	  using	  the	  parameter	  K0,	  the	  coefficient	  of	  earth	   pressure	   at	   rest.	   	   This	   is	   the	   ratio	   of	   the	   horizontal	   effective	   stresses	   to	   the	   vertical	  effective	  stresses.	   	  Horizontal	  effective	  stresses	  are	  higher	  than	  vertical	  effective	  stresses	  in	  an	  overconsolidated	   soil,	   resulting	   in	   a	   K0	   of	   greater	   than	   1.0.	   This	   is	   because	   the	   horizontal	  effective	   stresses	   increased	   with	   the	   initial	   increase	   in	   vertical	   effective	   stress	   up	   to	   its	  maximum	  value	  and	  when	  the	  vertical	  effective	  stresses	  are	  reduced	  due	  to	  uplift	  and	  erosion,	  release	  of	  lateral	  effective	  stresses	  occurs,	  but	  is	  not	  as	  large	  as	  the	  change	  in	  vertical	  effective	  stresses.	   	   These	   lateral	   effective	   stresses	   are	   released	  when	   a	   slope	   is	   excavated	   in	   stiff	   clay.	  	  High	   lateral	   effective	   stresses	   increase	   the	   unloading	   reaction	   of	   the	   excavated	   slope	   and	  accelerate	  the	  process	  of	  progressive	  failure	  (Kovacevic	  et	  al.,	  2007).	  	  This	  was	  found	  to	  greatly	  affect	  the	  time	  to	  failure	  and	  change	  the	  position	  of	  the	  slip	  surface	  (Potts	  et	  al.,	  1997).	  In	  the	  analyses	  presented	  in	  Kovacevic	  (1994)	  and	  Potts	  et	  al.	  (1997),	  a	  single	  constant	  K0	  was	  specified	  between	  1.0	  and	  2.15.	  	  This	  varied	  the	  time	  to	  slope	  failure	  of	  a	  10m	  in	  1	  in	  3	  gradient	  slope	   from	   13.5	   to	   44.7	   years,	   as	   the	   K0	   value	   increased(Potts	   et	   al.,	   1997).	   	   In	   the	   analyses	  presented	  in	  Kovacevic	  et	  al.	  (2007),	  the	  K0	  value	  varied	  with	  depth	  using	  one	  of	  the	  two	  profiles	  labelled	   in	   Figure	   A.12	   as	   the	   “Heathrow	   –	   best	   estimate”	   and	   “Heathrow	   –	   reduced	   profile”.	  	  Both	   these	   investigations	   used	   a	  mesh	   dependent	   strain	   softening	  model.	   In	   this	   section,	   the	  nonlocal	  G&S	  strain	  softening	  model	  is	  employed	  for	  three	  analyses	  that	  also	  employ	  the	  three	  K0	   profiles	   shown	   in	   Figure	   A.12,	   a	   constant	   K0	   of	   2.0	   and	   the	   two	   Heathrow	   profiles.	   	   The	  significant	  effects	  on	  time	  to	  failure	  and	  horizontal	  displacement	  of	  the	  midslope	  for	  these	  three	  analyses	  are	  shown	  in	  Figure	  A.13.	  	  The	  largest	  K0	  value	  close	  to	  the	  surface	  for	  the	  Heathrow	  –	  best	  estimate	  profile	  results	  in	  the	  fastest	  failure,	  42	  years	  compared	  to	  74	  years	  for	  the	  K0	  =	  2.0	  analysis	  and	  100	  years	  for	  the	  Heathrow	  -­‐	  reduced	  profile.	  	  The	  reduced	  profile	  has	  a	  K0	  value	  of	  2.0	  for	  the	  first	  4m	  of	  soil;	  the	  difference	  in	  behaviour	  therefore	  is	  a	  result	  of	  the	  lower	  K0	  value	  at	  greater	  depths.	   	  Figure	  A.13	  also	  demonstrates	   the	  difference	   in	  horizontal	  displacement	  of	  the	  soil,	  with	  less	  displacement	  accompanying	  a	  longer	  time	  to	  failure	  and	  lower	  K0.	  	  The	  higher	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lateral	  stresses	  resulting	  from	  a	  higher	  K0	  value	  have	  the	  same	  but	  a	  more	  exaggerated	  effect	  as	  the	  small	  change	  in	  lateral	  stresses	  shown	  in	  the	  previous	  section,	  A.5.	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Figure	  A.13	  The	  influence	  of	  the	  k0	  profile	  on	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  with	  DL	  
=	  2.1m	  and	  RI	  =	  6.3m	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Figure	  A.14	  Accumulated	  nonlocal	  strain	  distribution	  at	  failure	  for	  three	  strain	  softening	  analyses	  with	  varied	  K0	  profiles,	  showing	  two	  vertical	  cross	  sections	  (a)	  base	  of	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A.7. Soil	  Stiffness	  The	  soil	  stiffness	  for	  slope	  analyses	  adopted	  so	  far	  in	  this	  thesis	  has	  modelled	  stiffness	  using	  a	  linear	   relationship	   to	   the	   current	   mean	   effective	   stress,	   p’,	   as	   discussed	   in	   Section	   3.2.5	   and	  repeated	   in	  Equation	   (A.1).	   	   In	  more	   recent	  modelling	  of	  London	  Clay,	   a	   small	   strain	   stiffness	  model	   has	   been	   used	   to	   simulate	   the	   pre-­‐yield	   response.	   	   The	   small	   strain	   model	   gives	   the	  material	  a	  high	  initial	  stiffness.	  	  The	  high	  stiffness	  reduces	  to	  a	  lower	  stiffness	  with	  an	  increase	  in	  strain	  between	  approximately	  0.001%	  and	  0.1%	  strain.	  	  This	  is	  often	  shown	  in	  relation	  to	  the	  shear	   modulus	   G	   and	   bulk	   modulus	   K	   normalised	   by	   p’,	   (Jardine	   et	   al.,	   1986)	   as	   stiffness	  continues	  to	  also	  be	  varied	  with	  p’.	  	  The	  small	  strains	  at	  which	  the	  changes	  in	  normalised	  G	  and	  K	   occur	   are	   much	   smaller	   than	   those	   that	   it	   is	   assumed	   are	   involved	   in	   material	   strength	  softening.	   	   The	   effect	   on	   the	   overall	   response	   to	   excavation	   of	   the	   slope	   could	   therefore	   be	  expected	  to	  be	  small.	  	  A	  series	  of	  analysis	  are	  presented	  in	  this	  section	  to	  test	  this	  hypothesis.	  𝐸 = 25 𝑝! + 100 	   (A.1)	  	  The	  equations	  used	  by	  the	  small	  strain	  stiffness	  model	   to	  define	  the	  stiffness	  relationships	   for	  the	   bulk	   modulus	   G	   and	   shear	   modulus	   K	   are	   shown	   in	   Equations	   (A.2)	   to	   (A.5).	   	   The	  constitutive	  models	  that	  use	  these	  equations	  were	  developed	  and	  implemented	  in	  ICFEP	  in	  the	  1980s	  (Jardine	  et	  al.,	  1986).	  	  Many	  variations	  and	  extensions	  of	  the	  small	  strain	  stiffness	  models	  have	  been	  developed	  since.	  	  The	  analyses	  presented	  in	  this	  section	  use	  the	  original	  and	  simplest	  model.	   	   The	   secant	   expressions	   are	   represented	   by	   Equations	   (A.2)	   and	   (A.4).	   	   The	   tangent	  expressions	   are	   shown	   by	   (A.3)	   and	   (A.5).	   The	  moduli	   are	   normalised	   by	   the	  mean	   effective	  stress	  p’,	  which	  can	  be	  replaced	  with	  the	  undrained	  shear	  strength	  Su,	  if	  the	  model	  is	  used	  for	  an	  undrained	  analysis.	  	  The	  deviatoric	  strain	  E	  is	  employed	  for	  the	  shear	  modulus	  G	  equations	  and	  the	  volumetric	  strain	  εvol	  is	  used	  for	  the	  bulk	  modulus	  K	  equations.	  	  The	  remaining	  parameters	  (A,	   B,	   C,	   α,	   γ,	   R,	   S,	   T,	   δ	   and	   μ)	   are	   model	   parameters	   and	   require	   assigned	   values	   for	   each	  stiffness	  profile.	  
𝐺!"#𝑝′ = 𝐴3 + 𝐵3 cos 𝛼 log!" 𝐸3𝐶 ! 	   (A.2)	  
𝐺!"#𝑝′ = 𝐴3 + 𝐵3 cos 𝛼𝑋! − 𝐵𝛼𝛾 log!" 𝐸3𝐶
!!! sin 𝛼 log!" 𝐸3𝐶 !6.909 	   (A.3)	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𝐾!!"𝑝′ = 𝑅 + 𝑆 cos 𝛿 log!" 𝜀!"#𝑇 ! 	   (A.4)	  
𝐾!"#𝑝′ = 𝑅 + 𝑆 cos 𝛿 log!" 𝜀!"#𝑇 ! − 𝑆𝛿𝜇 log!" 𝜀!"#𝑇
!!! sin 𝛿 log!" 𝜀!"#𝑇 !2.303 	   (A.5)	  	  The	   values	   employed	   for	   the	   small	   strain	   stiffness	   model	   are	   a	   current	   topic	   of	   discussion	  (Jurečič	  et	  al.,	  2012;	  Hight	  et	  al.,	  2007).	  	  The	  values	  employed	  for	  the	  modelling	  of	  the	  Heathrow	  excavated	   temporary	   slopes	   (Kovacevic	   et	   al.,	   2007)	   provide	   one	   set	   of	   values	   used	   to	  model	  London	   Clay.	   	   To	   provide	   a	   comparison	  with	   other	   sets	   of	   London	   Clay	   small	   strain	   stiffness	  data,	   two	   other	   sets	   of	   data	   are	   employed	   for	   two	   additional	   analyses.	   	   The	   soft	   profile	   from	  Jurečič	  et	  al.	   (2012)	  and	   the	  profile	   for	   the	  B1	  and	  A3	  units	  of	  London	  Clay	   from	  more	  recent	  geotechnical	   investigations	  completed	   for	   the	  Crossrail	  project	   (Avgerinos,	  2014).	   	  The	  values	  for	  each	  of	  these	  stiffness	  profiles	  are	  listed	  in	  Table	  A.3.	  	  This	  table	  also	  lists	  the	  values	  for	  the	  initiation	  and	  cessation	  of	  moduli	  reduction,	  in	  addition	  to	  a	  minimum	  value	  for	  the	  moduli.	  	  
Table	  A.3	  Small	  strain	  stiffness	  profiles	  for	  London	  Clay	  from	  three	  sources	  
Shear	   A	   B	   C	  (%)	   α	   γ	   εD,min	  	  (%)	   εD,max	  (%)	   Gmin	  (kPa)	  Heathrow:	  Kovacevic	  et	  al.	  	  (2007)	   970	   890	   0.001	   1.47	   0.7	   0.00173	   0.173	   3333.3	  Crossrail	   (Avgerinos	  (2014)	   702	   827	   0.0001	   1.05	   0.617	   0.0052	   0.3	   2000	  Jurečič	  et	  al.	  (2012)	   350	   330	   0.003	   1.336	   0.617	   0.0107	   1.732	   2667	  
Bulk	   R	   S	   T	  (%)	   δ	   λ	   εv,min	  	  (%)	   εv,max	  (%)	   Kmin	  (kPa)	  Heathrow:	  Kovacevic	  et	  al.	  	  (2007)	   772.5	   712.5	   0.001	   2.069	   0.42	   0.005	   0.15	   4000	  Crossrail	   (Avgerinos	  (2014)	   404	   404	   0.00035	   1.81	   0.34	   0.001	   0.2	   2500	  Jurečič	  et	  al.	  (2012)	   549	   506	   0.001	   2.069	   0.42	   0.005	   0.15	   5000	  	  The	  linear	  p’	  stiffness	  model	  employed	  in	  initial	  slope	  analyses	  does	  not	  vary	  the	  stiffness	  with	  strain,	   however	   the	   normalised	  modulus	   is	   not	   constant	   throughout	   the	   analysis	   because	   the	  linear	  model	  specifies	  a	  change	  in	  stiffness	  with	  p’.	  	  To	  provide	  comparison	  values	  for	  the	  small	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strain	  stiffness	  profiles,	  a	  maximum	  and	  minimum	  bulk	  and	  shear	  modulus	  can	  be	  calculated	  to	  demonstrate	  the	  variation	  in	  values	  compared	  to	  the	  small	  strain	  stiffness	  models.	  	  To	  calculate	  the	  shear	  and	  bulk	  moduli	  for	  the	  linear	  p’	  stiffness	  model	  equations	  (A.6)	  and	  (A.7)	  respectively	  are	  employed.	  	  Where	  ν	  is	  Poisson’s	  ratio	  and	  E	  represents	  the	  Young’s	  modulus	  of	  the	  material	  and	  has	  a	  value	  as	  defined	  by	  Equation(A.1).	  	  The	  Poisson’s	  ratio	  has	  a	  constant	  value	  of	  0.2	  in	  the	   linear	  p’	   stiffness	  analyses.	   	  For	   the	  shear	  moduli,	   the	  value	  of	  3G/p’	  varies	   from	  34.57	   to	  159.57.	   	  For	  the	  bulk	  moduli,	  the	  value	  of	  3K/p’	  varies	  from	  46.10	  to	  212.77.	   	  The	  stiffness	  for	  the	  linear	  p’	  model	  and	  the	  three	  small	  strain	  stiffness	  profiles	  for	  the	  shear	  and	  bulk	  moduli	  are	  shown	   in	   Figure	   A.15	   and	   Figure	   A.16	   respectively.	   	   The	   moduli	   values	   in	   these	   figures	   are	  normalised	  by	  the	  effective	  stress	  p’.	  
3𝐺𝑝′ = 𝐸2 1 + 𝜈 	   (A.6)	  
3𝐾𝑝′ = 𝐸3 1 − 2𝜈 	   (A.7)	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The	  minimum	   shear	  modulus	   value	   for	   the	   linear	   p’	   stiffness	  model	   is	   less	   than	   all	   the	   small	  strain	  stiffness	  values,	  Figure	  A.15.	  	  The	  range	  of	  shear	  modulus	  values	  for	  the	  linear	  p’	  stiffness	  model	  encloses	   the	   residual	   shear	  modulus	  values	   for	   the	   three	  small	   strain	   stiffness	  profiles,	  but	  the	  initial	  shear	  modulus	  values	  are	  much	  higher,	  especially	  for	  the	  Heathrow	  profile.	   	  The	  minimum	   bulk	   modulus	   for	   the	   linear	   p’	   stiffness	   model	   is	   higher	   than	   any	   of	   the	   residual	  stiffness	  values	  for	  the	  small	  strain	  stiffness	  models,	  Figure	  A.16.	  	  The	  maximum	  bulk	  modulus	  for	  the	  linear	  p’	  profile	  is	  equal	  to	  the	  initial	  bulk	  modulus	  for	  the	  Jurečič	  small	  strain	  stiffness	  profile	  and	  only	  slightly	  lower	  than	  the	  maximum	  values	  for	  the	  other	  two	  small	  strain	  stiffness	  profiles.	  	  The	  range	  of	  bulk	  moduli	  values	  for	  the	  linear	  stiffness	  profile	  has	  a	  greater	  similarity	  to	  the	  small	  strain	  stiffness	  values	  than	  the	  similarity	  between	  the	  corresponding	  shear	  moduli	  values.	   	   The	   E=50(p’+100)	   result	   will	   be	   discussed	   later	   in	   this	   section	   in	   conjunction	   with	  Figure	  A.29.	  	  
	  




























Volumetric	  Strain,	  εvol	  	  %	  
E=25(p'+100)	  -­‐	  (original	  E	  promile)	  E=50(p'+100)	  Heathrow	  Crossrail	  Jurecic	  
	  	  	   531	  
All	   three	   small	   strain	   stiffness	   profiles	   produce	   a	   different	   variation	   for	   both	   shear	   and	   bulk	  modulus	   relationships.	   	   The	   Jurečič	   profile	   is	   the	   softest	   of	   the	   three	   small	   strain	   stiffness	  profiles	  with	  the	  lowest	  maximum	  and	  minimum	  values	  shear	  and	  bulk	  moduli	  values,	  although	  it	  is	  the	  last	  to	  begin	  and	  the	  last	  to	  finish	  softening	  of	  the	  shear	  modulus.	  	  The	  Heathrow	  profile	  has	   a	  much	   higher	  maximum	   shear	  moduli	   value	   than	   the	   other	   stiffness	   profiles	   although	   it	  begins	   to	   soften	   first	  with	   the	   reduction	   in	   stiffness	   also	   reaching	   the	  minimum	  shear	  moduli	  value	   first.	   	   	  This	  results	   in	   the	  steepest	  gradient.	   	  The	  Crossrail	  profile	  has	  a	  maximum	  shear	  modulus	  slightly	  higher	  than	  the	  Jurečič,	  the	  shallowest	  gradient	  for	  reducing	  stiffness	  and	  the	  highest	   minimum	   shear	   moduli	   value.	   	   For	   the	   bulk	   modulus,	   the	   Heathrow	   and	   Crossrail	  profiles	  have	  the	  same	  maximum	  value	  and	  the	  Heathrow	  has	  a	  later	  initiation	  of	  softening.	  	  As	  with	   the	   shear	  modulus,	   the	  Heathrow	  profile	   has	   the	   steepest	   reduction	   in	   stiffness	   and	   the	  Crossrail	  profile	  has	  the	  shallowest	  gradient.	  	  
	  
Figure	   A.17	   Normalised	   secant	   modulus	   decay	   curves	   for	   three	   chosen	   stiffness	   profiles	   compared	   to	  
undrained	  triaxial	  compression	  data	  for	  London	  Clay	  (Hight	  et	  al.,	  2007)	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In	   Figure	   A.17	   and	   Figure	   A.18	   the	   secant	   shear	   modulus	   variation	   with	   axial	   strain	   for	   the	  linear	   strain	   softening	   values	   and	   the	   three	   small	   strain	   stiffness	   profiles	   are	   presented	   in	  comparison	   to	  Triaxial	   compression	  and	  Triaxial	   extension	  data	   for	  London	  Clay	   (Hight	  et	   al.,	  2007).	   	   Where	   Eu	   is	   the	   undrained	   secant	   modulus,	   normalised	   by	   the	  mean	   effective	   stress	  prior	   to	   the	   start	   of	   undrained	   loading.	   	   The	   Eu	   is	   assumed	   to	   be	   equivalent	   to	   3*G	   in	   these	  figures.	   	   The	   horizontal	   lines	   shown	   for	   the	   linear	   p’	   stiffness	  model	   in	   Figure	  A.17	   to	   Figure	  A.20	  represent	  the	  minimum	  value	  for	  the	  shear	  and	  bulk	  moduli.	  	  	  
	  
Figure	   A.18	   Normalised	   secant	   modulus	   decay	   curves	   for	   three	   chosen	   stiffness	   profiles	   compared	   to	  
undrained	  triaxial	  extension	  data	  for	  London	  Clay	  (Hight	  et	  al.,	  2007)	  	  The	   triaxial	   tests	   show	   an	   initially	   higher	   stiffness	   that	   reduces	  with	   increasing	   strain	   over	   a	  similar	  strain	  range	  as	  the	  small	  strain	  stiffness	  profiles.	   	  The	  minimum	  shear	  modulus	  for	  the	  triaxial	  tests	  in	  both	  compression	  and	  extension	  are	  below	  the	  small	  strain	  stiffness	  profiles	  and	  lie	  either	  above	  or	  around	  the	  minimum	  value	  for	  the	  linear	  p’	  stiffness	  model.	   	  The	  maximum	  shear	  modulus	  for	  the	  triaxial	  tests	  varies	  for	  the	  compression	  and	  extension	  tests.	  	  Three	  of	  the	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four	  commercial	  tests	  in	  each	  Figure	  A.17	  and	  Figure	  A.18	  are	  enclosed	  within	  the	  zone	  labelled	  ‘previously	   established	   bounds	   for	   London	   Clay’.	   	   The	   upper	   bound	   and	   some	   of	   these	   tests	  agree	  with	  the	  Heathrow	  small	  strain	  stiffness	  profile	  after	  0.01%	  strain,	  although	  the	  Heathrow	  profile	  is	  stiffer	  at	  smaller	  strains.	  	  The	  Crossrail	  profile	  corresponds	  approximately	  to	  the	  lower	  bound	  of	  the	  previously	  established	  bounds	  at	  the	  initial	  maximum	  modulus	  value	  and	  until	  1%	  strain.	   	   	  The	  commercial	   tests	   labelled	  3	   in	  compression	  and	   labelled	  1	   in	  extension	  are	   lower	  than	   the	   lower	   bound.	   	   The	   IC	   study	   results	   show	   much	   greater	   agreement	   with	   this	   one	  commercial	   test	   for	   both	   compression	   and	   extension.	   	   For	   triaxial	   compression	   the	   results	  surround	  the	  Jurečič	  profile	  until	  1%.	  	  For	  extension,	  the	  IC	  study	  results	  are	  all	  softer	  than	  the	  Jurečič	  and	  other	  profiles,	  both	  initially	  and	  at	  the	  residual	  shear	  moduli	  value.	  
	  
Figure	  A.19	  Normalised	  tangent	  shear	  stiffness	  of	  London	  Clay	  for	  three	  chosen	  stiffness	  profiles	  compared	  to	  
previous	   stiff	   and	   soft	   data	   sets	   for	   numerical	   models	   (Jurečič	   et	   al.,	   2012).	   Chosen	   Jurečič	   profile	  
corresponds	  to	  “new	  data”	  profile.	  	  Figure	  A.19	  and	  Figure	  A.20	  present	  respectively	  the	  tangent	  shear	  and	  bulk	  moduli	  of	  the	  three	  chosen	   small	   stiffness	   profiles	   compared	   to	   two	   other	   stiff	   clay	   small	   strain	   stiffness	   profiles	  employed	  in	  numerical	  analyses	  and	  discussed	  by	  Jurečič	  et	  al.	  (2012).	  	  These	  two	  new	  profiles	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are	  labelled	  the	  ‘Previous	  stiff’	  and	  ‘Previous	  soft’	  in	  the	  Numerical	  data	  key.	  	  The	  Jurečič	  profile	  is	  equivalent	   to	   the	   ‘New	  data’	   in	   these	   figures	  and	  plots	  on	   top	  of	   this	   line.	   	  The	  Jurečič/New	  data	  set	  continues	  to	  have	  the	  softest	  initial	  and	  residual	  stiffness	  with	  the	  latest	  start	  and	  end	  of	  softening.	   	   For	   the	   shear	  modulus,	   the	   previous	   stiff	   and	   soft	   produce	   initial	   stiffness	   values	  between	   the	  Heathrow	  and	  Crossrail	  profiles,	  but	   the	   softening	   starts	   earlier	   for	   the	  previous	  stiff	  and	  soft	  data	  sets.	   	  The	  rate	  of	  softening	  for	  the	  two	  numerical	  data	  profiles	  are	  similar	  to	  each	  other,	  with	  a	  gradient	  shallower	  than	  the	  Heathrow	  profile	  but	  steeper	  than	  the	  Crossrail	  profile.	  	  The	  residual	  stiffness	  value	  is	  similar,	  if	  a	  little	  lower	  than	  the	  Heathrow	  and	  Crossrail	  profiles.	  	  For	  the	  bulk	  modulus,	  the	  Previous	  stiff	  profile	  is	  similar	  to	  the	  Heathrow	  profile,	  but	  with	  a	  smaller	  initial	  value	  for	  the	  bulk	  modulus.	  
	  
Figure	  A.20	  Normalised	  tangent	  bulk	  stiffness	  of	  London	  Clay	  for	  three	  chosen	  stiffness	  profiles	  compared	  to	  
previous	   stiff	   data	   set	   for	   numerical	   models	   (Jurečič	   et	   al.,	   2012).	   Chosen	   Jurečič	   profile	   corresponds	   to	  
“previous	  soft	  +	  new	  data”	  profile.	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Figure	   A.21	   The	   change	   in	   stiffness	   with	   vertical	   depth	   prior	   to	   excavation	   of	   the	   slope	   for	   four	   stiffness	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  Heathrow	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As	   the	  excavation	  of	   the	   slope	  and	   the	   reaction	   to	   the	  excavation	   is	  modelled,	   the	   strains	  and	  effective	   stresses	   induced	   in	   the	   soil	   vary.	   	   This	   will	   cause	   a	   change	   in	   stiffness,	   which	   may	  explain	   the	  difference	   in	   response	   to	   slope	   excavation	   for	   the	   four	   analyses.	   	   The	  variation	   in	  stiffness	   for	   the	   analysis	   employing	   the	   linear	   p’	   stiffness	  model	   is	   shown	  by	   the	   variation	   of	  Young’s	  modulus	  over	  time	  at	  three	  vertical	  cross	  sections,	  Figure	  A.24.	  	  Values	  vary	  from	  4MPa	  to	  15MPa,	  with	  very	  little	  change	  during	  excavation	  for	  all	  cross	  sections.	  	  At	  the	  far	  boundary,	  Figure	   A.24(c)	   there	   is	   very	   little	   change	   in	   the	   stiffness	   during	   the	   entire	   analysis,	  corresponding	   to	   the	  minimal	  changes	   in	  p’.	   	  The	  same	  variation	   in	  stiffness	  over	   time	   for	   the	  three	   cross	   sections	   is	   shown	   in	   Figure	   A.25	   for	   the	   Heathrow	   small	   strain	   stiffness	   profile.	  	  There	   is	  a	   large	  change	   in	   the	  Young’s	  modulus,	  which	  mostly	  occurs	  during	  excavation.	   	  This	  large	  change	  in	  stiffness	  also	  occurs	  for	  the	  third	  cross	  section,	  Figure	  A.25(c),	  even	  though	  this	  cross	  section	  is	  at	  the	  boundary	  far	  from	  the	  excavation.	  	  	  The	   reduction	   in	   stiffness	  when	   employing	   the	   small	   strain	   stiffness	  model	   could	   be	  due	   to	   a	  change	   in	   either	   the	   effective	   stress	   or	   strain.	   	   The	   variations	   in	   stress,	   bulk	  modulus,	   shear	  modulus	   and	   strain	   for	   the	   Heathrow	   analysis	   are	   shown	   in	   Figure	   A.26	   for	   the	   vertical	  boundary	  far	  from	  the	  excavation	  at	  three	  points	  in	  time;	  before	  excavation,	  immediately	  after	  excavation	  and	  285	  years	  after	  excavation.	  	  There	  is	  a	  small	  change	  in	  p’	  due	  to	  a	  change	  in	  the	  pore	  water	  pressure	  u	  as	  consolidation	  occurs	  after	  excavation	  is	  complete,	  Figure	  A.26(a).	  	  The	  shear	   modulus	   G	   reduces	   during	   both	   excavation	   and	   consolidation,	   Figure	   A.26(b),	  corresponding	  to	  the	  changes	  in	  deviatoric	  strain	  Ed,	  Figure	  A.26(c).	   	  This	  is	  especially	  obvious	  towards	   the	   base	   of	   the	   mesh	   between	   the	   after	   excavation	   and	   285	   years	   lines.	   	   The	   bulk	  modulus	  only	  reduces	  during	  consolidation,	  corresponding	  to	  the	  changes	  in	  volumetric	  strain,	  Figure	   A.26(b)	   and	   (c).	   	   The	   material	   is	   therefore	   behaving	   as	   expected	   given	   the	   model	  employed	   each	   time.	   	   The	   stiffness	   reduces	   for	   strains	   between	   approximately	   0.001%	   and	  0.1%,	  Figure	  A.15	  and	  Figure	  A.16.	   	  At	   this	   far	  boundary,	   sufficient	   strains	  have	  developed	   to	  cause	  a	  large	  reduction	  in	  stiffness.	  	  	  The	  contour	  plots	  for	  total	  accumulated	  deviatoric	  and	  volumetric	  strains	  after	  excavation	  and	  after	  285	  years	  are	  shown	   in	  Figure	  A.27.	   	  For	  parts	   (a)	   to	   (d)	  of	   this	   figure,	   the	  contours	  are	  shown	   for	   logarithmic	   contours.	   	   For	   the	   four	   remaining	   plots,	   (e)	   to	   (h),	   the	   three	   colours	  represent	  the	  strains	  that	  relate	  to	  three	  variations	  of	  the	  shear	  and	  bulk	  moduli.	  	  These	  are	  the	  initial	  high	  moduli	  values,	  the	  strains	  over	  which	  small	  strain	  stiffness	  reduction	  not	  related	  to	  p’	  occurs	  and	  the	  strains	  for	  the	  residual	  moduli	  values	  are	  applied,	  where	  stiffness	  variation	  is	  only	  related	  to	  p’	  changes.	   	  Considering	  first	  the	  range	  of	  strain	  values	  after	  excavation,	  Figure	  A.27(a)	  and	  (b),	  the	  deviatoric	  strain	  values	  vary	  between	  0.001%	  and	  less	  than	  10%,	  whereas	  the	  volumetric	  strains	  are	  considerably	  lower	  at	  less	  than	  0.1%	  volumetric	  strain.	  	  This	  reflects	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the	  change	  in	  moduli	  values	  shown	  in	  Figure	  A.26(c).	  	  At	  the	  end	  of	  the	  analysis,	  285	  years	  after	  excavation,	   the	   slope	   is	   stable	   and	   the	   range	   of	   deviatoric	   and	   volumetric	   strains	   are	   more	  comparable,	  Figure	  A.27(c)	  and	  (d).	   	  Most	  of	  the	  strains	  are	  between	  0.01%	  and	  10%	  for	  both	  deviatoric	   and	   volumetric	   strain.	   	   The	   values	   are	   still	   slightly	   higher	   for	   the	   deviatoric	   strain	  with	  strains	  in	  excess	  of	  10%	  in	  the	  area	  where	  a	  slip	  surface	  formed,	  although	  this	  surface	  did	  not	  develop	  sufficiently	  to	  cause	  slope	  failure.	  	  Given	  that	  the	  angle	  of	  dilation	  in	  these	  analyses	  is	  set	  to	  zero,	  the	  smaller	  volumetric	  strains	  is	  perhaps	  unsurprising.	  	  	  The	  strain	  contours	   in	  Figure	  A.27(e)	   to	  (h)	  are	  related	   to	   the	  stiffness	  reduction	   limits	   in	   the	  plots	  labelled.	  	  Figure	  A.27(e)	  and	  (f)	  again	  highlight	  the	  difference	  between	  the	  deviatoric	  and	  volumetric	  strains	  at	  the	  end	  of	  excavation.	  	  The	  excavation	  has	  resulted	  in	  sufficient	  deviatoric	  strain	  for	  nearly	  all	  of	  the	  mesh	  to	  be	  below	  the	  initial	  high	  stiffness	  and	  for	  around	  a	  third	  of	  the	  soil	   surrounding	   the	   excavation	   to	   be	   at	   the	   residual	   shear	   stiffness	   moduli	   value,	   Figure	  A.27(a).	  	  For	  the	  volumetric	  strain,	  only	  a	  very	  small	  amount	  of	  the	  soil	  has	  experienced	  enough	  strain	  to	  begin	  a	  reduction	  of	  the	  bulk	  moduli,	  Figure	  A.27(b).	   	  At	  the	  end	  of	  the	  analysis	  after	  285	  years	  of	   consolidation,	   the	  plots	   show	  a	   similar	  distribution	  of	   strain,	   Figure	  A.27(g)	   and	  (h).	  	  Sufficient	  deviatoric	  and	  volumetric	  strain	  has	  developed	  to	  result	  in	  the	  residual	  shear	  and	  bulk	  moduli	  applying	  to	  most	  of	  the	  soil	  and	  to	  all	  of	  the	  areas	  where	  significant	  soil	  movement	  is	  occurring.	  The	  variation	  in	  the	  model	  parameters	  for	  the	  three	  small	  strain	  stiffness	  profiles	  would	  result	  in	  different	  distributions	  of	  stiffness	  and	  therefore	  some	  difference	  in	  soil	  movement	  in	  reaction	  to	   the	   slope	   excavation.	   	   The	   Heathrow	   profile	   provides	   an	   indication	   of	   the	   response	   to	  excavation	   when	   using	   a	   small	   strain	   stiffness	   model,	   with	   the	   plots	   Figure	   A.27(a)	   to	   (d)	  providing	   a	   distribution	   of	   strain	   by	   magnitude	   from	   which	   the	   distributions	   for	   the	   other	  profiles	  can	  be	  inferred.	  	  The	  smaller	  initial	  stiffness	  values	  for	  the	  Crossrail	  and	  Jurečič	  profiles	  would	   likely	   result	   in	   greater	   initial	   soil	  movements	   and	   therefore	   higher	   strains.	   	   The	   shear	  moduli	   strain	   limits	   for	   the	   Heathrow	   profile	   are	   the	   smallest	   of	   the	   three	   profiles	   for	   the	  minimum	  or	  peak	  and	  maximum	  or	  residual	  strains,	  as	  shown	  in	  the	  model	  parameters	  in	  Table	  A.3	  and	  summarised	  for	  clarity	  in	  Table	  A.4.	   	  The	  plots	  in	  Figure	  A.27(e)	  to	  (h)	  therefore	  show	  the	  smallest	  area	  still	   at	   the	  maximum	  shear	  moduli,	  but	   the	   largest	  area	   to	  have	  reached	   the	  residual	   shear	   moduli.	   From	   the	   logarithmic	   contours	   it	   can	   be	   inferred	   that	   the	   higher	  minimum	  and	  maximum	  limits	  for	  deviatoric	  strains	  for	  the	  other	  two	  profiles	  would	  still	  result	  in	  most	  of	  the	  soil	  having	  a	  reducing	  shear	  moduli	  and	  a	  large	  area	  of	  soil	  around	  the	  base	  of	  the	  excavation	  would	  have	  reached	  the	  residual	  stiffness	  by	  the	  end	  of	  the	  analysis.	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Table	   A.4	   Strain	   limits	   for	   reduction	   of	   the	   shear	   bulk	  moduli	   for	   three	   profiles	   used	  with	   a	   small	   strain	  
stiffness	  model.	  
Shear	   εD,min	  	  (%)	   εD,max	  (%)	  Heathrow:	  Kovacevic	  et	  al.	  	  (2007)	   0.00173	   0.173	  Crossrail:	  Avgerinos	  (2014)	   0.0052	   0.3	  Jurečič	  et	  al.	  (2012)	   0.0107	   1.732	  
Bulk	   εv,min	  	  (%)	   εv,max	  (%)	  Heathrow:	  Kovacevic	  et	  al.	  	  (2007)	   0.005	   0.15	  Crossrail:	  Avgerinos	  (2014)	   0.001	   0.2	  Jurečič	  et	  al.	  (2012)	   0.005	   0.15	  	  	  
	  
Figure	  A.22	  Comparison	  of	   deviatoric	   strain	   after	  285	  years	   for	   three	   excavated	   slope	   analyses	   employing	  
three	  small	   strain	  stiffness	  profiles	   (a)	  Heathrow	  (b)	  Crossrail	   (c)	   Jurečič.	  The	  contours	  represent	  areas	  of	  
strain	  corresponding	  to:	  initial,	  softening	  and	  residual	  shear	  moduli	  values.	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Figure	  A.23	  The	  influence	  of	  the	  soil	  stiffness	  on	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  with	  
DL	  =	  2.1m	  and	  RI	  =	  6.3m.	  Inset	  shows	  the	  variation	  of	  the	  strength	  parameters	  with	  strain	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Figure	  A.24	  Variation	  of	  Young’s	  Modulus	  with	  depth	  and	  over	  time	  for	  an	  excavated	  slope	  analysis	  employing	  a	  linear	  p’	  stiffness	  model	  (E=25(p’+100)	  at	  three	  vertical	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Figure	  A.25	  Variation	  of	  Young’s	  Modulus	  with	  depth	  and	  over	  time	  for	  an	  excavated	  slope	  analysis	  employing	  a	  small	  strain	  stiffness	  model	  with	  the	  Heathrow	  profile,	  at	  




























Young's	  Modulus,	  E	  (MPa)	  





























Young's	  Modulus,	  E	  (Mpa)	  
2	   30m	  
	  	  	  1	  	  	  	  	  	  2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  3	  




























Young's	  Modulus,	  E	  (MPa)	  
3	  Nonlinear	  Elastic	  Secant	  and	  Bulk	  shear	  moduli	  for	  stiffness:	  Heathrow	  proXile	  Kovacevic	  et	  al.	  (2007)	  
	  	  	  
542	  
	  
Figure	  A.26	  Variation	  of	  stress	  and	  strain	  over	  time	  at	  the	  far	  boundary	  for	  an	  excavated	  slope	  analysis	  employing	  the	  Heathrow	  small	  strain	  stiffness	  profile.	  	  (a)	  mean	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Figure	  A.27	  Accumulated	  local	  strain	  contours	  for	  an	  excavated	  slope	  analysis	  employing	  the	  Heathrow	  small	  strain	  stiffness	  profile,	  showing	  deviatoric	  or	  volumetric	  
strain	  immediately	  after	  excavation	  or	  after	  285	  years	  of	  consolidation.	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The	   variations	   in	   the	   stiffness	   for	   these	   three	   profiles	   and	   the	   original	   linear	   p’	   model	   are	  directly	  compared	  in	  Figure	  A.28.	  	  The	  vertical	  variation	  in	  Young’s	  Modulus	  for	  all	  four	  stiffness	  profiles	   at	   three	   cross	   sections	   for	   three	   points	   in	   time;	   before	   excavation,	   immediately	   after	  excavation	  and	  either	  increment	  before	  failure	  or	  285	  years	  after	  excavation.	   	  The	  small	  strain	  stiffness	   analyses	   continue	   to	   produce	   a	   stiffer	   response	   throughout	   the	   analyses,	   even	   with	  large	   strains	   below	   the	   excavation.	   	   This	   is	   expected	   because	   the	  minimum	  normalised	   shear	  modulus	  for	  the	  small	  strain	  stiffness	  models	  is	  larger	  than	  the	  minimum	  shear	  modulus	  for	  the	  linear	  p’	  stiffness	  model.	   	  The	  Young’s	  Modulus	  at	  the	  end	  of	  analysis	  for	  the	  Jurečič	  profile	  for	  the	  base	  and	  midslope	  cross	  sections	  is	  the	  closest	  to	  the	  linear	  model	  from	  approximately	  7m	  and	  deeper	  below	  the	  excavated	  surface,	  Figure	  A.28(a)	  and	  (b).	  	  The	  Crossrail	  profile	  produces	  the	  closest	  Young’s	  Modulus	  value	  to	  the	  linear	  p’	  model,	  at	  the	  end	  of	  the	  analysis	  for	  the	  first	  few	  meters	   of	   soil,	   even	   though	   it	   has	   a	   higher	   value	   for	   the	   normalised	  G	  modulus	   than	   the	  Jurečič	   profile	   at	   high	   strains.	   	   The	   increased	   stability	   of	   the	   excavation	  when	   employing	   the	  small	  strain	  stiffness	  model	  with	  the	  values	  in	  Table	  A.3	  compared	  to	  the	  linear	  p’	  model	  is	  due	  either	  to	  the	  minimum	  stiffness	  values,	  the	  initial	  high	  stiffness	  or	  a	  combination	  of	  the	  two.	  	  	  To	  provide	  further	  insight	  into	  which	  area	  of	  the	  shear	  modulus	  relationship	  is	  responsible	  for	  increasing	  the	  stability	  of	  the	  slope,	  four	  additional	  analyses	  are	  presented.	  	  In	  one	  analysis,	  the	  linear	  p’	  model	  is	  employed	  with	  double	  the	  stiffness	  relationship,	  Equation	  (A.8).	  	  This	  provides	  an	  analysis	  with	  a	  higher	  stiffness	   throughout	   the	  analysis,	  but	   the	  range	  of	   shear	  modulus	  at	  small	  strains	  is	  lower	  than	  all	  the	  small	  strain	  stiffness	  models,	  Figure	  A.29.	  	  The	  bulk	  modulus	  has	  a	  greater	  maximum	  value	  than	  the	  small	  strain	  stiffness	  initial	  values	  and	  a	  minimum	  bulk	  modulus	   greater	   than	   the	   residual	   bulk	  modulus	   for	   the	   small	   strain	   stiffness	   profiles,	   Figure	  A.16.	   	  The	   remaining	   three	  new	  analyses	   employ	   the	   same	   small	   strain	   stiffness	  profiles	  with	  one	   small	   alteration	   to	   the	   maximum	   deviatoric	   strain	   εd	   for	   softening,	   Table	   A.5.	   	   The	   bulk	  modulus	  relationships	  remain	  unchanged.	  	  The	  increase	  in	  the	  maximum	  εd	  increases	  the	  period	  in	   which	   reduction	   of	   the	   shear	   modulus	   occurs.	   	   With	   the	   other	   parameters	   remaining	  unchanged,	  this	  leads	  to	  a	  lower	  residual	  shear	  modulus.	  	  The	  new	  εd	  value	  was	  selected	  so	  the	  minimum	  normalised	  shear	  modulus	  for	  each	  profile	  would	  equal	  the	  minimum	  shear	  modulus	  for	   the	   original	   linear	   p’	   stiffness	   profile.	   	   The	   minimumm	   value	   for	   3G/p’	   as	   discussed	  previously	   in	  this	  section	   is	  34.57.	   	  The	  coincidence	  of	   the	  three	  altered	  stiffness	  profiles	  with	  the	  minimum	  shear	  moduli	  value	  is	  demonstrated	  in	  Figure	  A.29.	  	  The	  maximum	  and	  minimum	  values	  for	  3G/p’	  are	  shown	  in	  Table	  A.6.	  	   𝐸 = 50 𝑝! + 100 	   (A.8)	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Table	  A.5	  Adjusted	  small	  strain	  stiffness	  profiles	  for	  London	  Clay	  from	  three	  sources,	  the	  altered	  values	  are	  
shaded.	  
Shear	   A	   B	   C	  (%)	   α	   γ	   εD,min	  	  (%)	   εD,max	  (%)	   Gmin	  (kPa)	  Kovacevic	  et	  al.	  	  (2007)	   970	   890	   0.001	   1.47	   0.7	   0.00173	   0.415	   3333.3	  Crossrail:	  Avgerinos	  (2014)	   702	   827	   0.0001	   1.05	   0.617	   0.0052	   0.7131	   2000	  Jurečič	  et	  al.	  (2012)	   350	   330	   0.003	   1.336	   0.617	   0.0107	   3.346	   2667	  
Bulk	   R	   S	   T	  (%)	   δ	   λ	   εvol,min	  	  (%)	   εvol,max	  (%)	   Kmin	  (kPa)	  Kovacevic	  et	  al.	  	  (2007)	   772.5	   712.5	   0.001	   2.069	   0.42	   0.005	   0.15	   4000	  Crossrail:	  Avgerinos	  (2014)	   404	   404	   0.00035	   1.81	   0.34	   0.001	   0.2	   2500	  Jurečič	  et	  al.	  (2012)	   549	   506	   0.001	   2.069	   0.42	   0.005	   0.15	   5000	  	  
	  
Figure	  A.29	  The	  variation	  of	  the	  shear	  modulus	  with	  deviatoric	  strain	  for	  the	  original	  linear	  p’	  stiffness	  model	  
with	   two	   relationships	   and	   for	   6	   small	   strain	   stiffness	   profiles.	   	   The	   altered	   small	   strain	   stiffness	   profiles	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The	   results	   for	   these	   four	   new	   analyses	   are	   compared	   to	   the	   four	   previously	   discussed	   small	  strain	   stiffness	   analyses	   in	   terms	  of	   the	  horizontal	  displacement	  of	   the	  midslope	  over	   time	   in	  Figure	  A.30.	   	  The	  altered	  crossrail	  profile	   is	   the	  only	  one	  of	   the	   four	  new	  analyses	   to	  result	   in	  slope	   failure.	   	   Slope	   failure	   occurs	   after	   135	   years	   with	   an	   increased	   rate	   of	   horizontal	  movement	   immediately	   after	   excavation	   compared	   to	   the	   other	   stable	   slope	   analyses.	   	   The	  altered	   Heathrow	   profile	   has	   a	   slightly	   softer	   response	   than	   the	   unaltered	   profile,	   with	   an	  increase	  in	  the	  horizontal	  displacement	  of	  the	  slope.	   	  Conversely,	  the	  alterations	  to	  the	  Jurečič	  profile	  do	  not	  cause	  any	  change	   in	  the	  displacement	  response	  of	   the	  soil.	   	  This	  shows	  that	  the	  lower	  stiffness	   for	  strains	  between	  1.732%	  and	  3.346%	  for	  the	  Jurečič	  profile,	  Table	  A.6,	  does	  not	  impact	  the	  response	  of	  the	  slope,	  whereas	  the	  smaller	  stiffness	  between	  0.3%	  and	  0.7131%	  of	   the	  Crossrail	  profile	  has	  had	  an	   impact.	   	   	  This	  profile	   also	  has	   the	   lowest	  Gmin	   value,	  which	  would	   affect	   the	   areas	   of	   the	   soil	   under	   a	   small	   p’.	   	   The	   softer	   response	   for	   the	   analysis	  employing	  the	  altered	  Heathrow	  profile	  due	  to	  a	   lower	  stiffness	  between	  0.173%	  and	  0.415%	  does	  not	  cause	  failure	  of	  the	  slope,	  but	  provides	  further	  evidence	  that	  the	  range	  of	  strains	  over	  which	   the	   stiffness	   of	   the	   soil	   reduces	   is	   important.	   	   The	   stability	   of	   the	   slope	   in	   the	   analysis	  employing	   the	   doubled	   linear	   p’	   profile	   with	   a	   similar	   displacement	   response	   to	   the	   Jurečič	  profile	  analyses	  demonstrates	   that	   the	  slope	  stability	   is	  also	  sensitive	   to	  stiffness	  values.	   	   It	   is	  still	   not	   clear	  which	   area	   of	   the	   shear	  modulus	   relationship	   is	   responsible	   for	   increasing	   the	  stability	   of	   the	   slope.	   	   The	   variation	   of	   Young’s	   modulus	   with	   depth	   for	   all	   eight	   analyses	   is	  shown	  in	  Figure	  A.31	  for	  three	  vertical	  cross	  sections	  at	  the	  end	  of	  the	  analysis,	  either	  at	  slope	  failure	  or	  285	  years	  after	   excavation.	   	  These	   show	   that	   the	  altered	  profiles	   are	  all	   softer	  with	  depth	  for	  the	  base	  and	  midslope	  cross	  sections.	   	  At	  depths	  greater	  than	  5	  or	  6m	  below	  ground	  level,	  the	  altered	  Crossrail	  profile	  has	  a	  lower	  stiffness	  than	  the	  linear	  p’	  profile,	  and	  other	  small	  strain	   stiffness	   profiles,	   demonstrating	   the	   impacting	   of	   a	   low	   Gmin.	   	   Immediately	   below	   the	  ground	  level,	  the	  altered	  small	  strain	  stiffness	  profiles	  retain	  a	  larger	  Young’s	  Modulus	  than	  the	  original	  linear	  p’	  profile	  as	  a	  minimum	  value	  has	  been	  reached.	  	  A	  reduction	  in	  this	  value	  is	  likely	  to	  lead	  to	  sufficiently	  low	  stiffness	  to	  permit	  slope	  failure	  within	  a	  realistic	  time.	  
Table	  A.6	  Comparison	  of	  the	  normalised	  Shear	  modulus,	  G	  values	  for	  the	  eight	  profiles	  employed	  to	  study	  the	  
use	  of	  a	  small	  strain	  stiffness	  model	  in	  an	  excavated	  stiff	  clay	  slope	  analysis.	  
Profile	  
Tangent,	  3G/p’	   εD,max	  (%)	  Max.	   Min.	   Min	  Altered	   Original	   Altered	  Kovacevic	  et	  al.	  	  (2007)	   1839.2	   100.1	   34.6	   0.173	   0.415	  Crossrail:	  Avgerinos	  (2014)	   699.6	   114.2	   34.6	   0.3	   0.7131	  Jurečič	  et	  al.	  (2012)	   499.6	   56.6	   34.6	   1.732	   3.346	  Linear	  p’	  model	  [E=25(p’+100)]	   159.57	   34.57	   	   	   	  Linear	  p’	  model	  [E=50(p’+100)]	   261.97	   69.15	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Figure	   A.30	   The	   influence	   of	   the	   soil	   stiffness,	   including	   altered	   small	   strain	   stiffness	   profiles,	   on	   horizontal	   displacement	   of	   the	   midslope	   over	   time	   for	   analyses	  
employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  with	  DL	  =	  2.1m	  and	  RI	  =	  6.3m.	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Figure	   A.32	   Strain	   contours	   after	   excavation	   for	   analyses	   employing	   small	   strain	   stiffness	  model	   with	   six	  
profiles	  	  The	  contours	  of	  deviatoric	  strain	  provide	  further	  insight	  into	  the	  different	  responses	  caused	  by	  the	  parameters	  adopted	  for	  the	  small	  strain	  stiffness	  profile.	  	  The	  accumulated	  plastic	  deviatoric	  strain	  contours	  at	  the	  end	  of	  excavation	  are	  shown	  for	  the	  slope	  portion	  of	  each	  of	  the	  six	  small	  strain	   stiffness	   analyses	   in	   Figure	   A.32.	   	   After	   excavation	   the	   altered	   Crossrail	   profile	   has	  developed	  strains	   in	  excess	  of	  3%,	  Figure	  A.32(d).	   	  This	   is	   the	  only	  analysis	  of	   the	  six	  that	  did	  not	  have	  a	  stable	  slope.	   	  The	  development	  of	  high	  strains	  during	  excavation	  cannot	  be	  used	  as	  the	  sole	  indication	  that	  a	  slope	  will	  become	  unstable,	  as	  the	  altered	  Heathrow	  analysis	  develops	  strains	   almost	   as	   large	   as	   the	   altered	   Crossrail	   analysis,	   Figure	   A.32(b),	   but	   the	   slope	   in	   this	  analysis	  remains	  stable.	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Figure	   A.33	   	   A	   comparison	   of	   accumulated	   local	   plastic	   deviatoric	   strain	   contours	   at	   failure	   	   or	   after	   285	  
years	  of	  consolidation	  for	  three	  excavated	  slope	  analyses	  employing	  different	  stiffness	  models	  and	  profiles.	  
(a)	  &	  (b)	  linear	  p’	  stiffness	  model	  (c)	  small	  strain	  stiffness	  model	  	  The	  accumulated	  local	  deviatoric	  strain	  contours	  at	  the	  end	  of	  the	  analysis	  are	  also	  plotted	  for	  the	  analyses	  with	  linear	  p’	  stiffness	  model	  and	  altered	  Crossrail	  small	  strain	  stiffness	  profile	  in	  Figure	   A.33.	   	   Contours	   for	   the	   final	   increment	   of	   all	   the	   small	   strain	   stiffness	   analyses	   are	  presented	  in	  Figure	  A.34.	  	  Contours	  for	  0%	  to	  5%	  and	  20%	  strain	  are	  shown.	  	  The	  5%	  and	  20%	  contours	   approximately	   represent	   the	   limits	   of	   peak	   and	   residual	   soil	   strength	   respectively.	  	  These	  limits	  are	  defined	  using	  the	  nonlocal	  strain,	  which	  is	  calculated	  for	  each	  increment	  using	  the	   local	  deviatoric	  strain	  as	  an	   input.	   	  All	   the	  stiffness	  analyses	  presented	  develop	  areas	  with	  greater	  than	  5%	  strain,	  indicating	  that	  some	  strength	  reduction	  due	  to	  strain	  is	  occurring.	  	  The	  initiation	  of	  strain	  softening	  does	  not	  result	  in	  an	  unstable	  slope,	  Figure	  A.33(b)	  and	  Figure	  A.34	  except	  for	  the	  altered	  Crossrail	  profile	  Figure	  A.34(d).	  	  The	  two	  analyses	  that	  do	  result	  in	  slope	  failure	  both	  form	  a	  single	  slip	  surface	  Figure	  A.33(a)	  and	  (c).	   	  This	  failure	  mechanism	  matches	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the	  results	  for	  a	  London	  Clay	  excavated	  slope	  analysis	  employing	  the	  nonlocal	  strain	  softening	  model	  with	  a	  DL	  of	  2.1m	  and	   the	  chosen	  mesh,	  Figure	  5.30(a).	   	  The	  stiffer	   linear	  p’	   response,	  Figure	  A.33(b)	  shows	  a	  reduced	  development	  of	  strains.	  	  A	  smaller	  area	  has	  reached	  5%	  strain	  and	  begun	  to	  soften	  compared	  to	  the	  unstable	  slope	  analyses,	  Figure	  A.33(a)	  and	  (c),	  even	  285	  years	  after	  excavation.	   	  No	  part	  of	  the	  stiffer	  linear	  p’	  analysis	  has	  reached	  sufficient	  strain	  for	  residual	  strength	  of	  the	  soil	  to	  be	  applied.	  From	  the	  plots	  in	  Figure	  A.34,	  it	  is	  obvious	  which	  analysis	  has	  an	  unstable	  slope,	  Figure	  A.34(d).	  	  The	  influence	  of	  the	  alterations	  made	  to	  the	  stiffness	  profiles	  can	  be	  assessed	  for	  the	  Heathrow	  and	  Jurečič	  profiles.	   	  There	   is	  very	   little	  difference	  for	  the	  Jurečič	  analyses,	  Figure	  A.34(e)	  and	  (f).	  	  The	  altered	  Heathrow	  stiffness	  profile	  has	  led	  to	  higher	  strains	  developing	  at	  depth,	  Figure	  A.34(a)	   to	   (b).	   	   For	   the	  Crossrail	   profile	   analyses,	   Figure	  A.34(c)	   and	   (d),	   a	   larger	   area	  of	   5%	  strains	  had	  developed,	  as	  well	  as	  formation	  of	  the	  slip	  surface.	  	  The	  similarity	  of	  the	  pattern	  of	  strain	   contours	   for	   the	   altered	   Heathrow	   and	   altered	   Crossrail	   analyses	   does	   not	   offer	   an	  explanation	  of	  why	  only	  one	  small	  strain	  stiffness	  profile	  results	  in	  slope	  failure.	  	  It	  is	  therefore	  difficult	  to	  choose	  an	  appropriate	  small	  strain	  stiffness	  profile	  to	  apply	  to	  an	  analysis	  evaluating	  the	  failure	  of	  a	  London	  Clay	  excavated	  slope.	  Given	   the	   lack	   of	   clarity	   in	   the	   selection	   of	   suitable	   parameters	   for	   the	   small	   strain	   stiffness	  model	   to	   simulate	   failure	   of	   an	   excavated	   slope,	   it	   is	   not	   appropriate	   to	   employ	   this	   stiffness	  model	  in	  the	  stiff	  clay	  slope	  and	  pile	  analyses.	  	  	  The	  linear	  p’	  stiffness	  model	  will	  be	  employed	  for	  the	  remainder	  of	  the	  analyses	  presented	  in	  this	  thesis,	  with	  the	  original	  relationship,	  Equation	  (A.1).	   	   	  The	  stiffness	  of	  the	  material	  above	  1%	  strain	  agrees	  with	  the	  triaxial	  data	  presented	  in	  Figure	   A.17	   and	   Figure	   A.18	   and	   therefore	   offers	   a	   valid	   representation	   of	   soil	   behaviour	   at	  these	   strains.	   	   The	   small	   strain	   behaviour	   will	   not	   be	   simulated.	   	   It	   has	   been	   shown	   in	   this	  section	  that	  high	  stiffness	  at	  small	  strains	  affects	  the	  reaction	  of	  the	  remaining	  soil	  during	  and	  after	   the	  slope	  has	  been	  excavated.	   	  The	  small	  strain	  stiffness	  model	  could	  be	  employed	   if	   the	  analysis	   simulates	  slope	   failure,	  but	   this	  only	  occurred	   for	  one	  of	   the	  six	   small	   strain	  stiffness	  profiles	  investigated.	  	  It	  is	  unclear	  which	  part	  of	  this	  set	  of	  values	  for	  the	  model	  resulted	  in	  slope	  failure	   compared	   to	   the	  other	  5	   sets	  of	   values.	   	  A	  more	   in	  depth	   investigation	  of	   this	   topic	   as	  applied	  to	  excavated	  slopes	  and	  the	  chosen	  model	  parameters	  would	  therefore	  be	   interesting,	  but	  this	  topic	  is	  not	  explored	  further	  in	  this	  thesis.	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Figure	  A.34	  Accumulated	  local	  deviatoric	  strain	  contours	  at	  failure	  or	  285	  years	  after	  excavation	  for	  excavated	  slope	  analyses	  employing	  6	  different	  small	  strain	  stiffness	  
profiles	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A.8. Summary	  The	   behaviour	   of	   an	   excavated	   stiff	   clay	   slope	   is	   highly	   sensitive	   to	   the	   soil	   properties	  prescribed	  to	  model	  the	  soil	  The	  analyses	  presented	  in	  this	  chapter	  have	  provided	  evidence	  to	  inform	  the	  choice	  of	  mesh,	  soil	  parameters	  and	  models	  for	  the	  pile	  parametric	  study	  presented	  in	   Chapter	   7.	   	   The	   values	   for	   the	   soil	   properties	   investigation	   presented	   in	   this	   chapter	  were	  sourced	   from	   two	   papers	   both	   modelling	   excavated	   slopes	   in	   London	   Clay	   (Kovacevic	   et	   al.,	  2007;	   Potts	   et	   al.,	   1997)	   and	   employing	   the	   same	   finite	   element	   program,	   ICFEP.	   	   The	  mesh	  dependent	  local	  strain	  softening	  method	  was	  used	  for	  these	  analyses,	  although	  the	  elements	  of	  the	   mesh	   were	   regularly	   spaced	   and	   sized	   to	   reduce	   mesh	   dependence.	   	   The	   nonlocal	   G&S	  model	  was	   employed	   in	   the	   analyses	   presented	   in	   this	   chapter,	   except	   for	   a	   couple	   of	   sets	   of	  analyses	  that	  are	  equivalent	  to	  the	  nonlocal	  analyses,	  but	  employ	  the	  local	  displacement	  strains	  softening	  model	  as	  a	  comparison.	   	  For	   the	  soil	  property	  analyses	   the	  nonlocal	  parameters	  are	  defined	  as	  DL	  =	  2.1m	  and	  RI	  =	  6.3m	  because	  of	  the	  size	  of	  the	  elements	  in	  mesh	  employed,	  the	  largest	  elements	  mesh	  discretisation.	  	  For	  the	  mesh	  and	  factor	  of	  safety	  investigations,	  nonlocal	  values	  were	  selected	  to	  represent	  a	  realistic	  rate	  of	  softening,	  see	  Section	  5.3.4	  and	  5.3.5,	  with	  DL	  =1.0	  m	   and	  RI	   =	   3.0m.	   	   The	  nonlocal	  model	   exhibits	   less	  mesh	  dependency	   than	   the	   local	  displacement	  model	   and	  offers	   a	  more	   reliable	  numerical	   prediction	  of	   relative	  behaviour	   for	  different	  soil	  properties	  or	  meshes.	  Analyses	  comparing	  the	  realistic	  London	  Clay	  soil	  properties	  sourced	  from	  previous	  excavated	  slope	  investigation	  resulted	  in	  a	  large	  variation	  of	  results	  in	  terms	  of	  the	  time	  to	  failure,	  strain	  distribution	   and	   slope	   movement.	   	   This	   highlights	   the	   importance	   of	   using	   site-­‐specific	   soil	  properties	   when	   modelling	   a	   specific	   location.	   Each	   soil	   property	   affected	   the	   slope	   in	   a	  different	  way.	  	  The	  permeability	  greatly	  affects	  the	  time	  to	  failure,	  but	  causes	  very	  little	  change	  in	  strain	  distribution	  at	  failure.	  	  	  The	  soil	  strength	  was	  studied	  in	  terms	  of	  the	  dilation	  angle,	  ψ,	  angle	  of	  shearing	  resistance,	  φ’,	  cohesion,	  c’,	  and	  strains	  for	  softening	  limits.	  The	  associated	  analyses	  with	  ψ’	  equal	  to	  φ’,	  led	  to	  an	  unrealistic	  slip	  surface	  width.	  	  This	  confirms	  the	  previously	  made	  recommendation	  (Potts	  et	  al.,	   1997)	   to	   have	   the	   dilation	   angle	   set	   to	   zero,	   especially	   given	   the	   size	   of	   the	   elements	  compared	  to	  the	  real	  slip	  surface	  thickness.	  	  Two	  distinct	  sets	  of	  soil	  strength	  values	  allowed	  an	  assessment	   of	   the	   influence	   of	   the	   rate	   of	   softening	   and	   soil	   strength	   values.	   	   The	   rate	   of	  softening	  affects	   the	  time	  to	   failure,	  but	  not	   the	  slip	  surface	  position.	   	  The	  softening	   limits	  are	  often	   difficult	   to	   define	   and	   the	   softening	   rate	   is	   affected	   by	   the	   size	   of	   the	   nonlocal	   DL	  parameter.	  	  This	  is	  therefore	  an	  encouraging	  conclusion	  for	  analyses	  seeking	  to	  model	  a	  realistic	  failure	  mode,	  although	  discouraging	  for	  identifying	  the	  time	  to	  slope	  failure.	  	  The	  values	  for	  soil	  strength	   have	   a	  major	   effect	   on	   both	   slope	   failure	   time	   and	   strain	   distribution.	   	   The	   strain	   is	  
	  	  	   555	  
affected	  in	  terms	  of	  the	  maximum	  strains	  on	  the	  slip	  surfaces	  and	  the	  width	  of	  the	  slip	  surface.	  	  Defining	  realistic	  and	  appropriate	  soil	  strength	  values	  is	  therefore	  important.	  	  	  The	   soil	   density	   was	   found	   to	   have	   a	   small	   effect	   on	   slope	   displacements	   due	   to	   the	   related	  change	  in	  lateral	  stresses	  caused	  by	  a	  change	  in	  soil	  weight.	  	  The	  overconsolidation	  of	  the	  soil	  is	  specified	   using	   the	   coefficient	   of	   earth	   pressure	   at	   rest	   K0,	   which	   is	   the	   ratio	   of	   vertical	   to	  horizontal	   stresses.	   	   This	   value	   is	   greater	   than	   1.0	   for	   overconsolidated	   soils.	   	   The	   value	  was	  shown	  to	  affect	  time	  to	  failure	  and	  the	  values	  of	  strain.	  	  This	  was	  true	  whether	  the	  specified	  K0	  was	  constant	  or	  varied	  with	  depth.	  	  The	  position	  of	  the	  slip	  surfaces	  was	  not	  greatly	  changed.	  	  It	  is	  therefore	  important	  to	  model	  K0	  realistically	  if	  assessing	  the	  time	  to	  failure	  is	  important.	  The	   stiffness	   of	   the	   soil	   was	   the	   only	   parameter	   from	   the	   newer	   source	   that	   could	   not	   be	  employed	  for	  investigating	  slope	  failure	  of	  a	  10m	  high	  1	  in	  3	  gradient	  excavated	  slope	  because	  with	   the	   small	   strain	   stiffness	   model	   and	   Heathrow	   values	   the	   slope	   remained	   stable.	   	   The	  original	  Kovacevic	  (1994)	  model	  uses	  a	  linear	  p’	  model	  that	  varies	  the	  Young’s	  Modulus	  with	  p’.	  	  The	  use	   of	   a	   small	   strain	   stiffness	  model	   that	   varied	   stiffness	  with	  p’	   and	   strain	   is	   now	  more	  common.	   	  The	  parameters	   from	   the	  newer	   investigation	   (Kovacevic	  et	   al.,	   2007)	   resulted	   in	  a	  stable	   slope;	   so	   additional	   stiff	   clay	   small	   strain	   stiffness	   data	   sets	  were	   sourced	   (Avgerinos,	  2014;	   Jurečič	  et	  al.,	  2012).	   	  Six	  different	  small	   strain	  stiffness	  profiles	  were	  applied	   to	   try	  and	  find	   appropriate	   values	   that	   result	   in	   slope	   failure	   and	   identify	   the	   reason	   for	   the	   increased	  slope	  stability.	   	  One	  small	  strain	  stiffness	  profile	  did	  result	  in	  slope	  failure	  when	  the	  minimum	  value	  for	  the	  normalised	  shear	  moduli	  was	  reduced	  to	  match	  the	  minimum	  value	  for	  the	  linear	  p’	  model.	  	  When	  imposing	  the	  same	  reduction	  for	  the	  other	  profiles	  the	  slopes	  remained	  stable.	  The	  increased	  stability	  is	  most	  likely	  to	  be	  related	  to	  the	  range	  of	  strains	  over	  which	  reduction	  of	  the	  shear	  moduli	  occurs	  or	  the	  minimum	  value	  for	  the	  shear	  modulus,	  G.	  	  More	  investigation	  of	  appropriate	  small	  strain	  stiffness	  profile	  is	  required,	  so	  it	  is	  recommended	  to	  use	  the	  original	  linear	  p’	  model	   in	   the	  pile	   investigation	   in	  Chapter	  7.	   	  As	  not	  all	   the	  new	  soil	  properties	   from	  Kovacevic	  et	  al.	   (2007)	  can	  be	   implemented	  and	  still	   result	   in	   failure	  of	   the	  slope,	   the	  original	  soil	   properties	   will	   be	   used	   in	   the	   remainder	   of	   this	   thesis,	   with	   the	   exception	   of	   the	  permeability	   profile	   k(b)	   from	   Kovacevic	   et	   al.	   (2007).	   	   This	   new	   permeability	   profile	   is	  necessary	  due	  to	  the	  requirements	  of	  the	  mesh	  design	  to	  simulate	  vertical	  stabilisation	  piles.	  	  For	  the	  parametric	  study	  of	  slope	  and	  pile	  interaction	  presented	  in	  Chapter	  7,	  this	  appendix	  has	  provided	  sufficient	   information	  to	  select	  appropriate	  soil	  properties.	   	  The	  soil	  properties	   from	  Potts	  et	  al.	  (1997)	  will	  be	  employed,	  except	  for	  the	  permeability	  values	  and	  model,	  as	  required	  by	  the	  mesh	  designed	  to	  incorporate	  vertical	  stabilisation	  piles.	   	  This	  permeability	  will	  use	  the	  model	  and	  parameters	  labelled	  k(b)	  from	  Kovacevic	  et	  al.	  (2007).	   	  
	  	  	   556	  
Appendix	  B. Investigation	  of	  Mesh	  Sensitivity	  for	  excavated	  slope	  analyses	  in	  
Stiff	  Clay	  employing	  the	  nonlocal	  method	  
B.1. Introduction	  The	  soil	  property	  parametric	  study	  was	  performed	  for	  analyses	  with	  a	  nonlocal	  defined	  length	  parameter,	   DL,	   of	   2.1m.	   	   It	   was	   proved	   in	   Section	   5.3.3	   that	   a	   DL	   of	   1.0m	   would	   provide	   a	  suitable	  strain	  softening	  rate	  for	  London	  Clay.	  	  This	  value	  for	  DL	  requires	  a	  mesh	  with	  minimum	  element	  sizes	  at	  least	  half	  the	  size	  if	  DL.	  	  Meshes	  with	  appropriate	  element	  sizes	  were	  designed	  for	  the	  three	  mesh	  layouts	  that	  included	  vertical	  stabilisation	  piles,	  but	  this	  results	  in	  a	  greater	  number	  of	  elements	  and	  therefore	  a	  greater	  numerical	  cost	  for	  the	  analyses.	  	  A	  series	  of	  meshes	  were	   created	   varying	   the	   size	   of	   elements	   in	   different	   areas	   of	   the	   excavated	   slope.	   	   An	  appropriate	   compromise	  between	   the	   element	   size	   and	   the	  numerical	   cost	   is	   explored	   in	   this	  appendix	  to	  inform	  the	  choice	  of	  mesh	  for	  the	  pile	  analyses.	  	  Other	  constraints	  set	  by	  the	  design	  of	  the	  mesh	  or	  prescribed	  by	  the	  analysis	  are	  considered,	  including	  the	  width	  of	  the	  cutting	  and	  the	  excavation	  order	   for	   the	  elements.	   	  These	   investigations	  also	  consider	   the	   impact	  of	  mesh	  design	  on	  the	  formation	  of	  slip	  surfaces	  and	  time	  to	  failure.	   	  The	  overall	  aim	  of	  the	  analyses	  in	  this	  appendix	   is	   to	   select	  an	  appropriate	  mesh	   for	   the	  excavated	  slope	  analyses	   incorporating	  piles,	  which	  are	  presented	  in	  Chapter	  7.	  The	   results	   of	   a	   finite	   element	   simulation	   are	   also	   related	   to	   the	   choice	   of	   slope	   excavation	  dimensions	   and	   modelling	   of	   the	   excavation	   process.	   	   This	   section	   explores	   the	   mesh	   and	  excavation	   constraints	   imposed	   during	   the	   presented	   finite	   element	   cutting	   analyses.	   	   These	  include	  a	  variation	   in	  element	  sizes,	   the	  width	  of	   the	  base	  of	   the	  excavation	  and	  height	  of	   the	  layers	  of	  excavation.	   	  An	  assessment	  of	  the	  sensitivity	  to	  these	  factors	  will	  aid	  the	  appropriate	  choices	   to	  be	  made	   for	   the	  mesh	  employed	   in	   the	  stabilisation	  pile	  analyses	   in	  Chapter	  7.	  The	  impact	  of	  the	  height	  and	  slope	  angle	  on	  the	  time	  to	  failure	  is	  not	  investigated	  in	  these	  analyses.	  	  The	  dimensions	  of	  10m	  slope	  height	  and	  a	  1	   in	  3	   (vertical	   to	  horizontal)	  angled	  slope	  remain	  constant.	   	   The	   analyses	   presented	   in	   this	   section	   employ	   the	   nonlocal	   G&S	   strain	   softening	  model	  with	  DL	  =	  1.0m	  and	  RI	  =	  3.0m,	  reflecting	  the	  results	  of	  investigations	  presented	  in	  Section	  5.3.	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B.2. Extension	  of	  Cutting	  Base	  Width	  To	  define	  the	  dimensions	  of	  an	  excavated	  slope,	  in	  addition	  to	  the	  chosen	  height	  and	  angle	  of	  the	  slope,	   the	  width	  of	  base	  of	   the	   excavation	  must	  be	   specified.	   	   In	   a	   finite	   element	   analysis,	   the	  excavation	   dimensions	   are	   controlled	   by	   the	   mesh	   design	   or	   visa	   versa.	   	   In	   Section	   0,	   the	  development	   of	   strain	   and	   displacements	  within	   the	   slope	  were	   shown	   to	   be	   affected	   by	   the	  element	  discretisation	  of	   the	  mesh	   employed,	   Figure	  6.2	   and	  Figure	  6.3.	   	   A	   small	   variation	   in	  response	  is	  visible	  even	  at	  the	  end	  of	  excavation,	  Figure	  6.5.	  	  The	  base	  of	  the	  excavation	  in	  these	  analyses	  was	  16m	  wide.	  	  As	  will	  be	  discussed,	  it	  is	  easy	  to	  justify	  the	  simulation	  of	  a	  cutting	  with	  a	   different	   base	   width	   representing	   a	   wider	   road	   or	   to	   place	   the	   vertical	   boundary	   of	   the	  excavation	  further	  away	  to	  reduce	  any	  interaction	  with	  the	  slope.	  	  A	  change	  to	  the	  mesh	  design	  to	   accommodate	   a	  wider	   base	   could	   potentially	   affect	   the	   outcome	   of	   the	   analyses,	   given	   the	  mesh	   sensitivity,	   as	   previously	   described.	   	   An	   assessment	   of	   the	   constraints	   imposed	   by	   the	  cutting	   dimensions	   will	   inform	   the	   choice	   of	   an	   appropriate	   mesh	   for	   the	   pile	   analyses	  presented	   in	   Chapter	   7.	   	   This	   section	   explores	   the	   influence	   of	   the	   width	   of	   the	   base	   of	  excavation	  by	  comparing	  two	  sets	  of	  analyses	  employing	  meshes	  with	  an	  excavation	  base	  width	  of	  either	  16m	  or	  32m.	  
	  
Figure	  B.1	  Dimensions	  of	  the	  meshes	  with	  a	  16m	  width	  for	  the	  base	  of	  the	  excavation	  and	  an	  extended	  width	  
of	  32m.	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The	  cutting	  dimensions	  of	  a	  slope	  10m	  in	  height	  with	  a	  1	  in	  3	  angle	  (vertical	  to	  horizontal)	  were	  used	   in	   the	  work	  presented	  so	   far	   for	  excavated	  slope	  analyses	  with	  a	  softening	  material.	  The	  height	  and	  angle	  of	  the	  excavated	  slope	  both	  affect	  the	  stability	  of	  the	  cutting.	  	  The	  influence	  of	  slope	   dimensions	   has	   been	   the	   focus	   of	   many	   investigations,	   for	   example	   in	   the	   creation	   of	  general	  stability	  charts	  (Taylor,	  1948)	  and	  in	  particular	  with	  reference	  to	  London	  Clay	  cuttings.	  	  The	  10m	  in	  height	  and	  1	  in	  3	  slope	  dimensions	  are	  known	  to	  lead	  to	  instability	  in	  the	  long	  term	  for	   an	   excavation	   in	   London	   Clay(Ellis	   &	   O'Brien,	   2007;	   Potts	   et	   al.,	   1997;	   Kovacevic,	   1994).	  These	   slope	   dimensions	   will	   remain	   constant	   during	   this	   assessment;	   therefore	   the	  contributions	  of	  the	  height	  and	  slope	  angle	  to	  instability	  are	  not	  explored	  in	  this	  thesis.	  	  In	   a	   finite	   element	   analysis,	   it	   is	   usual	   practice	   to	   place	   the	   edges	   of	   the	  mesh	   at	   a	   sufficient	  distance	   from	   changes	   in	   loading	   and	   displacement	   to	   avoid	   interaction	   of	   the	   simulated	  material	   with	   the	  mesh	   boundaries.	   	   For	   the	  meshes	   employed	   in	   the	   analyses	   presented	   in	  Chapter	  3,	  5	  and	  up	  to	  this	  point	   in	  Chapter	  6,	   the	  width	  of	  the	  excavation	  base	  is	  16m	  Figure	  3.26(b),	  Figure	  5.25	  and	  Figure	  6.1.	   	  This	  boundary	  is	  considered	  to	  be	  an	  axis	  of	  symmetry	  to	  represent	   one	   half	   of	   a	  motorway	   cutting	   reducing	   the	   size	   of	   the	   problem	   analysed.	   	   In	   the	  analyses	   presented	   in	   Section	   6.3.1,	   high	   strains	   develop	   at	   the	   symmetry	   boundary	   after	  excavation,	  Figure	  6.5	  and	  at	  failure,	  Figure	  6.4.	  	  The	  movement	  of	  the	  slope	  interacts	  with	  this	  boundary	   and	   could	   therefore	   influence	   the	   results.	   	   The	   16m	   width	   of	   the	   base	   of	   the	  excavation	  was	  chosen	  to	  represent	  a	  2	   to	  3	   lane	  motorway,	  as	  discussed	   in	  Section	  3.4.5	  and	  shown	  in	  Table	  3.2.	  	  This	  could	  restrict	  the	  applicability	  of	  results	  to	  cuttings	  that	  do	  not	  follow	  these	  restrictions	  and	  dimensions.	   	  This	  would	   include	  a	  cutting	   for	  a	  motorway	  with	  a	  wider	  excavation	  base	  or	  where	  the	  cutting	  is	  present	  on	  only	  one	  side	  of	  the	  motorway,	  in	  which	  case	  a	  boundary	  of	  symmetry	  should	  not	  be	  used.	   	  To	  assess	  the	   influence	  of	   the	  width	  of	   the	  base	  and	   the	   interaction	  with	   this	   boundary,	   a	   set	   of	   analyses	  were	   performed	   employing	  meshes	  with	  a	  wider	  excavation	  base.	  The	   six	   multiple	   meshes	   with	   varying	   element	   discretisations	   presented	   in	   Figure	   6.1	   were	  extended	  to	  create	  a	  simulation	  of	  slopes	  with	  a	  32m	  wide	  base	  instead	  of	  a	  16m	  wide	  base.	  	  The	  dimensions	   of	   these	   two	   meshes	   are	   compared	   in	   Figure	   B.1	   for	   the	   largest	   elements	   mesh	  layout.	   	  All	   the	  multiple	  pile	  mesh	   layouts	  with	  32m	  width	   excavation	  bases	   are	  presented	   in	  Figure	  B.2.	  	  The	  increased	  width	  increases	  the	  number	  of	  elements	  during	  and	  after	  excavation,	  as	   shown	   in	   Table	   B.1.	   	   Before	   excavation	   there	   is	   an	   increase	   in	   the	   number	   of	   elements	  between	   27%	   and	   72%,	   depending	   on	   the	   mesh.	   	   This	   increase	   in	   the	   number	   of	   elements	  increases	   the	  CPU	   time	   required	   to	   complete	   each	   increment.	   	   This	  makes	   the	  use	  of	   a	  wider	  excavation	   base	   less	   desirable,	   if	   the	   influence	   of	   changing	   the	   width	   is	   small.	   	   The	   time	   to	  perform	   the	   analysis	   is	   also	   affected	   by	   the	   number	   of	   increments	   and	   therefore	   the	   time	   to	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failure	   required	   for	   each	   analysis.	   	   The	   relative	   CPU	   times	   and	   their	   relative	   number	   of	  increments	   due	   to	   time	   to	   failure	   are	   discussed	   further	   after	   the	   32m	   width	   analyses	   are	  presented.	  The	  potential	  advantages	  of	  using	  a	  wider	  base	  will	  be	  weighed	  against	  the	  increased	  time	  required	  to	  perform	  the	  analysis.	  	  
Table	  B.1	  Comparison	  of	  the	  number	  of	  elements	  for	  meshes	  with	  16m	  and	  32m	  cutting	  base	  width	  
Mesh	  
Elements	  for	  a	  16m	  width	  base	   Elements	  for	  a	  32m	  width	  base	   Increase	  in	  number	  of	  elements	  (number	  and	  %	  of	  16m	  mesh)	  Before	  excavation	   After	  excavation	   Before	  excavation	   After	  excavation	   Before	  Excavation	   After	  excavation	  Largest	  elements	   1460	   1300	   2100	   1620	   640	   144%	   320	   125%	  Smallest	  elements	   5840	   5200	   8400	   6480	   2560	   144%	   1280	   125%	  Thin	  below	  base	   2180	   1860	   3460	   2500	   1280	   159%	   640	   134%	  Short	  with	  thin	  below	  base	   3560	   3240	   6120	   4520	   2550	   172%	   1280	   140%	  Thin	  below	  slope	   2360	   2040	   3000	   2360	   640	   127%	   320	   116%	  Short	  with	  thin	  below	  slope	   3920	   3600	   5200	   4240	   1280	   133%	   640	   118%	  	   	   	   	   	   Average	   147%	   	   126%	  	  The	  length	  of	  the	  excavated	  base	  is	  shown	  to	  affect	  the	  time	  to	  slope	  failure.	  	  These	  differences	  are	   shown	   for	   the	   progression	   of	   horizontal	   displacements	   of	   the	   slope	   over	   time	   and	   the	  distribution	  of	  strain,	  Figure	  B.3(c)	  and	  Figure	  B.4	  respectively.	   	  The	  results	   for	  the	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  the	  16m	  and	  32m	  width	  base	  are	  shown	  collectively	  and	  by	  the	  width	  of	  the	  base	  of	  excavation	  in	  Figure	  B.3.	  	  The	  range	  of	  time	  to	  failure	  is	  31	  years	  to	  51	  years	   for	   the	  analyses	  employing	  32m	  base	  meshes	  compared	   to	  38	   to	  85	  years	   for	   the	  meshes	  with	  a	  16m	  base,	  Figure	  B.3(b)	  compared	  to	  (c).	  	  The	  times	  to	  failure	  for	  the	  two	  sets	  of	  analyses	  are	  summarised	   in	  Table	  B.2.	   	  The	   largest	  element	  mesh	  configuration,	  Figure	  6.1(a)	  and	   Figure	   B.2(a),	   results	   in	   the	   longest	   time	   to	   failure	   for	   a	   32m	   width	   base,	   whereas	   it	  produced	  the	  shortest	  time	  to	  failure	  for	  the	  16m	  wide	  base.	  	  Except	  the	  “thin	  below	  base”	  mesh,	  there	  is	  a	  significant	  change	  in	  the	  time	  to	  slope	  failure	  when	  the	  excavation	  base	  width	  is	  varied	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for	  all	  mesh	  layouts.	  	  This	  varied	  from	  a	  difference	  of	  13	  to	  40	  years.	  	  The	  two	  results	  employing	  the	  thin	  below	  base	  mesh	  produced	  a	  very	  similar	  time	  to	  failure	  and	  are	  presented	  in	  isolation	  in	   Figure	  B.3	   (d).	   	   	   The	   variations	   in	   the	   time	   to	   failure	   and	   the	   sequence	   in	  which	   the	   slope	  failures	  occur	  do	  not	  exhibit	  a	  pattern	   in	   terms	  of	   their	  configuration	  and	   further	  comparison	  and	  investigation	  of	  the	  results	  is	  required.	  	  
Table	  B.2	  Comparison	  of	  time	  to	  failure	  for	  analyses	  with	  the	  same	  mesh	  layout	  and	  element	  discretisation,	  
but	  a	  different	  width	  of	  the	  base	  of	  excavation.	  
Mesh	  identity	  
Time	  to	  failure	  	  (rounded	  to	  the	  nearest	  year	  after	  excavation	  :	  time	  after	  excavation	  to	  2d.p.)	  
Difference	  in	  time	  to	  failure	  (years)	  16m	  wide	  base	   32m	  wide	  base	   	  Largest	  elements	   38	  	  	  	  	  	   37.89	   51	  	  	  	  	  	   50.70	   13	  Smallest	  elements	   85	  	  	  	  	  	   85.28	   45	  	  	  	  	  	   45.49	   40	  Thin	  below	  base	   40	  	  	  	  	  	  	   40.46	   40	  	  	  	  	  	   40.49	   0	  Short	  with	  thin	  below	  base	   80	  	  	  	  	  	  	   80.66	   42	  	  	  	  	  	  	   41.97	   38	  Thin	  below	  slope	   48	  	  	  	  	  	  	   47.53	   31	  	  	  	  	  	  	   30.60	   17	  Short	  with	  thin	  below	  slope	   67	  	  	  	  	  	   67.24	   42	  	  	  	  	  	  	  	  	  	   42.3	   25	  	  	  The	  distribution	  of	  nonlocal	  strain	  at	   failure	   for	   two	  cross	  sections	  of	   the	  slope	  are	  shown	  for	  the	  two	  sets	  of	  analyses	  with	  32m	  and	  16m	  width	  of	  the	  base	  of	  the	  excavation	  in	  Figure	  B.4.	  	  A	  thinner	  line	  is	  used	  to	  represent	  the	  32m	  analyses,	  with	  the	  colours	  corresponding	  to	  the	  mesh	  used,	   as	   defined	   in	   Figure	   6.1	   and	   Figure	  B.2.	   	   These	   two	   graphs	   demonstrate	   that	   the	   strain	  distribution	  is	  different	  for	  each	  of	  the	  12	  analyses.	  	  There	  is	  no	  obvious	  correlation	  for	  the	  32m	  analyses.	  	  To	  provide	  further	  clarity,	  the	  graphs	  are	  separated	  into	  two	  figures	  to	  show	  results	  of	  only	  one	  set	  of	  analyses	  with	  the	  same	  base	  width.	  	  The	  base	  cross	  section	  in	  Figure	  B.5	  and	  the	  midslope	   cross	   section	   in	   Figure	   B.6	   show	   two	   graphs	   each	  with	   analyses	   employing	   a	  mesh	  with	  an	  excavation	  width	  of	  (a)	  16m	  and	  (b)	  32m.	  	  	  For	  four	  of	  the	  analyses,	  a	  second	  deeper	  slip	  surface	  5m	  below	  the	  excavation	  had	  formed	  for	  the	  base	  cross	  section	  with	  a	  16m	  base,	  Figure	  B.5(a).	  	  The	  analyses	  employing	  a	  mesh	  with	  the	  wider	  excavation	  base	  do	  not	  produce	  a	  slip	  surface	  5m	  below	  the	  excavation.	  Two	  slip	  surfaces	  had	   formed	   for	   most	   analyses	   at	   the	   mid	   cross	   section.	   	   However,	   the	   position	   is	   different	  dependent	  on	  the	  width	  of	  the	  excavation	  base.	   	  A	  wider	  excavation	  base	  creates	  a	  second	  slip	  surface	   around	   5m	   below	   the	   shallow	   slip	   surface	   instead	   of	   7	   to	   8m	   below.	   	   This	   finding	  corresponds	  to	  the	  smaller	  range	  of	  failure	  times	  for	  the	  wider	  base	  analyses.	  	  A	  shallower	  lower	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slip	   surface	   will	   have	   a	   lower	   overall	   length	   and	   take	   less	   time	   to	   form	   than	   a	   deeper	   slip	  surface.	  The	   variation	   in	   the	   development	   of	   slip	   surfaces	   and	   the	   critical	   slip	   surfaces	   is	   easier	   to	  discern	   using	   the	   plots	   of	   accumulated	   plastic	   deviatoric	   strain	   contours.	   	   The	   accumulated	  strain	  contours	  at	  failure	  (i.e.	  for	  the	  last	  increment	  that	  converged)	  are	  shown	  for	  the	  extended	  base	   in	   Figure	   B.7.	   	   They	   can	   be	   compared	   to	   Figure	   6.4	   for	   the	   original	   16m	  base	  width.	   	   A	  comparison	  of	  plots	  (b)	  and	  (f)	  in	  both	  these	  figures	  illustrates	  the	  reduced	  depth	  and	  length	  of	  the	  deeper	  slip	  surface.	   	  The	  deeper	  slip	  surface	  still	  develops	  but	   is	  shallower.	   	  For	   the	  short	  with	   thin	   below	   base	   mesh,	   the	   extended	   excavation	   results	   have	   changed	   the	   critical	   slip	  surface	   from	   deep	   to	   shallow,	   Figure	   B.7(d).	   	   The	   reduction	   in	   the	   time	   to	   failure	   for	   the	  extended	  meshes	   is	  similar	   for	   the	  smallest	  element	  mesh	  (b),	   the	  short	  with	   thin	  below	  base	  (d)	  and	   the	   short	  with	   thin	  below	  slope	   (f)	  meshes.	   	  This	   reflects	   the	  grouping	   shown	   for	   the	  16m	  width	  meshes	  and	  the	  change	  in	  time	  can	  be	  attributed	  to	  the	  modified	  lower	  slip	  surface.	  In	   Figure	   B.7(e),	   only	   one	   slip	   surface	   forms	   for	   the	   extended	   mesh	   with	   thin	   below	   slope	  discretisation.	  	  Only	  the	  largest	  element	  mesh	  required	  a	  longer	  time	  to	  failure	  for	  the	  extended	  mesh,	  Table	  B.2.	  	  This	  increase	  in	  the	  time	  that	  the	  slope	  is	  stable	  is	  explained	  not	  by	  a	  change	  in	  the	  critical	  slip	  surface,	  but	  by	  a	  greater	  development	  of	  the	  deeper	  non-­‐critical	  slip	  surface	  for	  the	  extended	  mesh	  analysis,	  Figure	  B.7(a)	  and	  Figure	  6.4(a).	  	  The	  two	  slip	  surfaces	  form	  in	  the	  same	   location	   for	   this	   mesh	   discretisation,	   independent	   of	   the	   width	   of	   the	   base	   of	   the	  excavation.	   	   The	   extent	   to	  which	   each	   slip	   surface	   develops	   is	   influenced	   by	   the	  width	   of	   the	  excavation	  base.	  	  The	   influence	   of	   base	  width	   is	   visible	   even	   immediately	   after	   the	   excavation	   of	   the	   cutting	   is	  completed.	  	  The	  strain	  contours	  at	  this	  stage	  in	  the	  analysis	  are	  plotted	  for	  the	  extended	  meshes	  in	  Figure	  B.8.	  	  It	  can	  be	  compared	  to	  the	  post	  excavation	  results	  for	  the	  16m	  base	  width	  meshes	  in	  Figure	  6.5.	   	  For	   the	  extended	  mesh	  the	  plastic	  strains	  at	   the	  boundaries	  are	  almost	  zero,	   in	  contrast	   to	   the	   original	   width	   meshes	   when	   strains	   of	   up	   to	   5%	   developed	   on	   the	   mesh	  boundary.	   	   The	   general	   pattern	   of	   the	   strains	   is	   also	   changed	   by	   the	  width	   of	   the	   excavation	  base.	  	  The	  layered	  excavation	  of	  the	  soil	  leads	  to	  the	  development	  of	  small	  strain	  concentrations.	  	  These	   form	   a	   crosshatched	   pattern	   for	   the	   16m	   base	  width	  mesh,	   but	   for	   the	  meshes	  with	   a	  wider	   base,	   these	   strain	   concentrations	   are	   only	   in	   one	   direction.	   	   This	   suggests	   that	   the	  perpendicular	   strain	   concentrations	   form	   as	   a	   consequence	   of	   the	   proximity	   of	   the	   left	  boundary.	   	   If	   a	   symmetrical	   cutting	   is	   being	   simulated	   this	   interaction	   below	   the	   base	   of	   the	  excavation	  would	  be	  expected.	  	  It	  is	  therefore	  important	  to	  model	  a	  realistic	  width	  for	  the	  base	  of	  the	  excavation.	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Figure	  B.2	  Index	  of	  meshes	  with	  an	  extended	  32m	  width	  of	  the	  base	  of	  excavation	  and	  varying	  element	  discretisation	  following	  the	  element	  sizes	  as	  specified	  in	  Table	  6.2.	  	  
Slope	  in	  10m	  high	  with	  a	  1	  in	  3	  (vertical	  to	  horizontal)	  slope.	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Figure	  B.3	  The	  influence	  of	  the	  width	  of	  the	  base	  of	  the	  excavation	  on	  horizontal	  displacement	  of	  the	  midslope	  over	  time	  for	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  
softening	  model	  with	  DL	  =	  1.0	  and	  RI	  =	  3.0m.	  (a)	  all	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  excavation	  width	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Figure	  B.4	  Accumulated	  nonlocal	  strain	  distribution	  at	   failure	   for	  strain	  softening	  analyses	  (DL	  =	  1m,	  RI	  =	  3m)	  with	  varying	  width	  of	  base	  of	  excavation	  and	  element	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Figure	  B.5	  Accumulated	  nonlocal	  strain	  distribution	  at	   failure	   for	  strain	  softening	  analyses	  (DL	  =	  1m,	  RI	  =	  3m)	  with	  varying	  width	  of	  base	  of	  excavation	  and	  element	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Accumulated	  	  Nonlocal	  Plastic	  Deviatoric	  Strain	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  with	  thin	  below	  slope,	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  width	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Figure	  B.6	  Accumulated	  nonlocal	  strain	  distribution	  at	   failure	   for	  strain	  softening	  analyses	  (DL	  =	  1m,	  RI	  =	  3m)	  with	  varying	  width	  of	  base	  of	  excavation	  and	  element	  





































Accumulated	  Nonlocal	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Accumulated	  Nonlocal	  Plastic	  Deviatoric	  Strain	  
(b)	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Figure	  B.7	  Accumulated	  local	  strain	  contours	  at	  failure	  showing	  the	  concentrations	  of	  strain	  for	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  (DL	  =	  1m,	  RI	  
=	  3m)	  and	  meshes	  with	  an	  extended	  width	  of	  base	  of	  excavation	  from	  16m	  to	  32m.	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Figure	  B.8	  Accumulated	  local	  strain	  contours	  after	  excavation	  showing	  the	  concentrations	  of	  strain	  for	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  (DL	  =	  
1m,	  RI	  =	  3m)	  and	  meshes	  with	  an	  extended	  width	  of	  base	  of	  excavation	  from	  16m	  to	  32m.	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Table	  B.3	  Time	  data	  for	  analyses	  employing	  meshes	  with	  either	  16m	  or	  32m	  excavation	  base	  	  
Time	  for	  excavation	  
Time	  for	  entire	  analysis	  	   Total	  time	   Total	  /	  increments	  	   (hours	  :	  minutes)	   (CPU	  seconds)	  
Meshes	   16m	   32m	   16m	   32m	   16m	   32m	   16m	   32m	  Largest	  elements	   00:40	   01:06	   2267	   3775	   8234	   1634	   61	   137	  Smallest	  elements	   11:31	   19:42	   39934	   68585	   139498	   187843	   758	   1565	  Thin	  below	  base	  	   01:37	   02:41	   5580	   9317	   14856	   24903	   123	   217	  Short	  with	  thin	  below	  base	   05:19	   09:18	   18460	   31564	   63964	   92579	   372	   778	  Thin	  below	  slope	   01:38	   02:36	   5656	   8972	   18101	   20598	   134	   210	  Short	  with	  thin	  below	  slope	   05:53	   07:49	   20477	   27200	   70294	   71999	   459	   661	  	  
Table	   B.4	   Increase	   in	   time	   or	   number	   of	   elements	   due	   to	   increase	   in	   excavation	   base	   width.	   Time	   data,	  










Meshes	   (hours)	   (CPU	  seconds)	   16m	   32m	  Largest	  elements	   166%	   167%	   198%	   223%	   134	   119	  Smallest	  elements	   171%	   172%	   135%	   206%	   184	   120	  Thin	  below	  base	  	   166%	   167%	   168%	   176%	   121	   115	  Short	  with	  thin	  below	  base	   175%	   171%	   145%	   209%	   172	   119	  Thin	  below	  slope	   159%	   159%	   114%	   157%	   135	   98	  Short	  with	  thin	  below	  slope	   133%	   133%	   102%	   144%	   153	   109	  Average	   161%	   161%	   144%	   186%	   	   	  	  The	  performance	  time	  values	  for	  the	  16m	  and	  32m	  sets	  of	  analyses	  are	  presented	  in	  Table	  B.3.	  	  It	  was	  shown	  in	  Section	  0	  and	  Figure	  6.11	  that	  the	  time	  cost	  of	  an	  analysis	  was	  dependent	  on	  the	  number	  of	  elements	  in	  the	  mesh.	  	  Increasing	  the	  width	  of	  the	  base	  of	  the	  excavation	  changes	  the	  number	  of	  elements	  during	  and	  after	  excavation	  as	  shown	  in	  Table	  B.1.	  	  Use	  of	  the	  meshes	  with	  a	   wider	   excavation	   base	   influences	   the	   numerical	   cost	   of	   the	   excavation.	   	   The	   percentage	  increases	   in	   the	  number	  of	  elements	  have	  a	  mean	  of	  147%	  before	  excavation	  and	  126%	  after	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excavation.	   	  The	   increase	   in	   the	  performance	   time	   is	   shown	   in	   terms	  of	   the	  percentage	  of	   the	  original	   16m	   excavation	   base	   width	   analyses	   in	   Table	   B.4.	   	   The	   increase	   in	   CPU	   seconds	   to	  perform	  the	  excavation	  stage	  of	  the	  analysis	  varied	  from	  133%	  to	  172%	  with	  a	  mean	  of	  161%	  of	  the	  equivalent	  16m	  analysis.	   	  This	  increase	  in	  numerical	  cost	  is	  higher	  than	  the	  increase	  in	  the	  number	   of	   elements.	   	   The	   discrepancy	   between	   the	   percentage	   increase	   in	   the	   number	   of	  elements	   and	   the	   performance	   time	   of	   the	   analysis	   means	   that	   the	   wider	   excavation	   base	  analyses	   do	   not	   follow	   the	   same	   linear	   increase	   in	   time	  with	   the	   number	   of	   elements	   as	   the	  original	   set	   of	   analyses,	   Figure	   B.9(a).	   	   The	   analyses	   employing	   a	  mesh	  with	   a	   32m	  width	   of	  excavation	   base	   take	   less	   time	   than	   for	   an	   analysis	   employing	   a	   mesh	   with	   an	   equivalent	  number	  of	  elements	  and	  a	  16m	  excavation	  base.	  When	   the	   total	   time	   to	   perform	   the	   analyses	   is	   considered,	   the	   difference	   is	   even	   more	  pronounced,	  Figure	  B.9(b).	  	  Furthermore	  the	  relationship	  between	  the	  number	  of	  elements	  and	  the	   total	   time	   for	   the	   32m	   analyses	   is	   nonlinear.	   	   A	  mesh	  with	   a	   larger	   number	   of	   elements	  requires	  a	  longer	  performance	  time	  than	  would	  be	  expected	  for	  a	  linear	  relationship,	  given	  the	  results	  for	  meshes	  with	  small	  numbers	  of	  elements.	  When	  the	  total	  times	  are	  normalised	  by	  the	  number	   of	   increments,	   the	   difference	   between	   the	   two	   sets	   of	   analyses	   lessens.	   	   The	   32m	  analyses	   approximately	   fit	   the	   same	   time	   and	   number	   of	   element	   relationship	   as	   the	   16m	  analyses,	   Figure	   B.9(c),	   except	   for	   the	   32m	   smallest	   elements	   analysis	   taking	   longer	   than	  expected.	   	  This	  demonstrates	   that	   the	  time	  to	  perform	  each	  analysis	   is	  not	  only	  dependent	  on	  number	   of	   elements	   and	   the	   number	   of	   increments.	   	   When	   the	   solution	   for	   an	   increment	   is	  difficult	  to	  reach,	  a	  greater	  number	  of	  iteration	  may	  be	  required	  to	  achieve	  convergence	  of	  the	  increment.	  	  This	  is	  another	  factor	  that	  can	  affect	  the	  performance	  time	  for	  an	  analysis	  and	  could	  explain	  the	  discrepancies	  shown	  in	  Figure	  B.9.	  	  	  The	   real	   time	  values	  provided	   for	   the	  excavation	   stage	   in	  Table	  B.3	   indicate	   that	  employing	  a	  wider	   excavation	   base	   requires	   considerably	   longer	   time	   than	   the	   original	   16m	   base	   width	  meshes.	  	  The	  excavation	  represents	  approximately	  a	  third	  of	  the	  total	  performance	  time.	  	  Each	  32m	   mesh	   analyses	   therefore	   takes	   between	   3	   hours	   and	   3	   days	   depending	   on	   the	   mesh	  employed.	   	   The	   16m	   analyses	   require	   between	   2hours	   and	   1.5	   days	   for	   each	   analysis.	   	   The	  performance	  time	  of	  the	  analyses	  employing	  a	  mesh	  with	  a	  32m	  base	  width	  has	  a	  mean	  of	  144%	  of	  the	  16m	  width	  analyses	  for	  total	  time	  and	  186%	  for	  normalised	  total	  time.	  	  This	  increase	  in	  time	  is	  comparable	  if	  not	  greater	  than	  the	  increase	  required	  when	  employing	  the	  nonlocal	  strain	  softening	  method	  with	  a	  DL	  of	  1m	  in	  place	  of	  the	  local	  displacement	  strain	  softening	  model.	  	  The	  mean	  for	  the	  percentage	  of	  the	  local	  analysis	  time	  required	  for	  the	  equivalent	  nonlocal	  analysis	  is	  190%	  for	  total	  time	  and	  140%	  for	  total	  time	  normalised	  by	  the	  number	  of	   increments.	   	  The	  time	  cost	  increase	  would	  make	  use	  of	  the	  wider	  base	  meshes	  less	  desirable.	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Employing	   a	   wider	   base	   would	   significantly	   increase	   the	   time	   required	   to	   perform	   the	  parametric	  stabilisation	  pile	  analyses.	   	  The	  benefits	  of	  using	  this	  base	  width	  must	  therefore	  be	  great	   if	   these	  meshes	  are	   to	  be	  used.	   	  The	  development	  of	  slip	  surfaces	  was	   influenced	  by	   the	  excavation	   width	   in	   most	   cases,	   due	   to	   the	   interaction	   with	   the	   vertical	   mesh	   within	   the	  excavation	  in	  the	  analyses	  with	  a	  16m	  base	  width.	  	  The	  32m	  width	  provides	  a	  mesh	  boundary	  a	  sufficient	  distance	  from	  the	  toe	  of	  the	  slope	  to	  minimise	  influence	  on	  the	  development	  of	  strains.	  	  The	   slip	   surfaces	   formed	  with	   a	  wider	  base	  were	   generally	   shallower.	   	   Two	   slip	   surfaces	   still	  formed	  with	  all	   but	  one	  of	   the	   six	   analyses,	  but	   the	  deeper	  of	   the	   two	  was	   in	   a	  more	   shallow	  position	  and	  initiated	  closer	  to	  the	  toe	  of	  the	  slope.	  	  If	  one	  half	  of	  the	  excavation	  modelled	  is	  16m	  wide	  then	  it	  is	  appropriate	  to	  include	  this	  boundary,	  as	  a	  line	  of	  symmetry	  for	  the	  response.	  	  	  If	  the	  excavation	  is	  wider	  then	  the	  16m	  excavated	  base	  mesh	  may	  not	  be	  appropriate	  to	  simulate	  the	  problem.	  	  	  The	  thin	  below	  base	  mesh	  had	  similar	  development	  of	  horizontal	  displacement	  of	  the	  midslope	  with	  time	  for	  both	  excavation	  base	  widths.	  	  The	  strain	  contours	  for	  the	  analysis	  employing	  this	  mesh	   still	   showed	   some	  differences,	   as	  was	   the	   case	   for	   all	   the	   analyses.	   	   The	   change	   in	  base	  width	  has	  had	  the	  least	  effect	  for	  this	  thin	  below	  base	  mesh	  discretisation.	  	  If	  a	  mesh	  with	  a	  16m	  excavation	   base	   is	   required	   for	   numerical	   efficiency,	   then	   this	  mesh	   discretisation	   provides	   a	  good	   approximation	   to	   the	   32	   base	   mesh	   analysis,	   whilst	   also	   containing	   element	   sizes	  appropriate	  for	  a	  DL	  of	  1m.	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B.3. Height	  of	  Excavation	  Layers	  It	  was	  shown	  in	  Figure	  B.8	  that	  the	  mesh	  employed	  has	  influenced	  the	  strain	  developed	  during	  excavation.	  	  The	  slope	  is	  excavated	  at	  a	  rate	  of	  0.025m	  per	  year,	  with	  the	  10m	  height	  removed	  over	   0.25	   years	   or	   approximately	   3	   months.	   The	   excavation	   area	   is	   divided	   into	   horizontal	  layers.	   	  The	  depth	  of	  these	  layers	  is	  restricted	  by	  the	  element	  size.	   	  Three	  of	  the	  mesh	  layouts,	  Figure	   B.2(a),	   (c)	   and	   (d)	   have	   elements	   0.4m	   in	   height	   forming	   25	   layers.	   	   The	   previous	  excavated	  slope	  analyses	  were	  all	  excavated	  in	  25	  layers	  over	  25	  increments	  independent	  of	  the	  mesh.	  	  The	  remaining	  three	  meshes,	  Figure	  B.2(b),	  (e)	  and	  (f)	  divide	  the	  10m	  excavation	  height	  into	  50	  layers	  of	  0.2m	  high	  elements.	   	  In	  these	  meshes,	  two	  layers	  were	  excavated	  within	  each	  increment	  during	  the	  excavation	  stage	  to	  maintain	  equivalent	  excavation	  depth	  per	  increment.	  	  These	  three	  meshes	  therefore	  permit	  a	  comparison	  of	  analyses	  with	  different	  excavation	  layer	  depths.	   	   An	   additional	   set	   of	   analyses	  was	   performed	   employing	   the	   three	  meshes	  with	   0.2m	  high	  layers,	  but	  with	  excavation	  of	  50	  layers	  over	  50	  increments	  with	  each	  increment	  excavated	  in	  half	  the	  time.	  	  The	  rate	  of	  excavation	  is	  maintained	  at	  10m	  over	  0.25years	  for	  both	  sets	  of	  3	  analyses,	  employing	  the	  three	  meshes	  Figure	  B.2(b),	  (e)	  and	  (f).	  The	  change	   in	  excavation	   layer	  depth	  changes	   the	  response	   for	   two	  of	   the	   three	  meshes.	   	  The	  horizontal	   displacements	   of	  midslope	  over	   time	   for	   the	   two	   sets	   of	   analyses	   are	  presented	   in	  Figure	  B.10.	   	  The	  colour	  represents	  the	  mesh	  employed,	  the	  broken	  lines	  are	  used	  for	  the	  new	  50	  layer	  analyses	  and	  solid	  lines	  represent	  the	  original	  analyses	  with	  25	  excavation	  layers.	  	  The	  thin	  below	  slope	  mesh,	  Figure	  B.2(e),	  shows	  very	  little	  influence	  of	  the	  excavation	  layer	  depth	  in	  terms	  of	  displacement	  and	  time	  to	  failure,	  Figure	  B.10.	  	  The	  nonlocal	  strain	  distributions	  for	  two	  cross	  sections	  show	  the	  development	  of	  the	  same	  number	  of	  slip	  surfaces	  for	  this	  mesh,	  one	  at	  the	  base	  and	  two	  at	  the	  midslope,	  Figure	  B.11.	   	  There	  was	  a	  change	  in	  the	  position	  of	  the	  high	  strain	  concentrations,	  but	  the	  plot	  of	  local	  strain	  contours,	  Figure	  B.12(c)	  and	  (d),	  demonstrate	  that	  the	  overall	  distribution	  and	  slope	  failure	  mechanism	  has	  not	  altered	  for	  this	  mesh.	  The	  change	  in	  excavation	  layer	  depth	  has	  a	  larger	  influence	  on	  the	  remaining	  two	  meshes.	  	  For	  the	  smallest	  element	  mesh,	  Figure	  B.2(a),	  thinner	  excavation	  layers	  (50	  layers)	  reduced	  the	  time	  to	  failure,	  Figure	  B.10.	  	  The	  opposite	  was	  true	  for	  the	  short	  with	  thin	  below	  slope	  mesh,	  Figure	  B.2(f).	   	  The	  position	  of	   the	   slip	   surfaces	   for	  both	   these	  meshes	  has	   swapped	  positions,	  Figure	  B.11,	  which	  results	  in	  a	  change	  of	  slip	  surface	  height	  of	  1	  to	  2m.	  	  The	  analyses	  with	  the	  deeper	  slip	  surfaces	  correspond	  to	  the	  analyses	  with	  a	  longer	  time	  to	  failure.	  	  From	  a	  visual	  inspection	  of	  the	  local	  strain	  contours	  at	  failure	  for	  these	  two	  meshes,	  Figure	  B.12(a)	  to	  (b)	  and	  (e)	  to	  (f),	  the	  change	  in	  height	  of	  the	  excavation	  layer	  has	  not	  caused	  a	  large	  change	  in	  the	  position	  of	  the	  slip	  surfaces.	  	  The	  main	  difference	  is	  the	  change	  in	  the	  critical	  slip	  surface	  from	  deep	  to	  shallow,	  Figure	  B.12(a)	  to	  (b).	  This	  analysis	  employing	  the	  smallest	  elements	  mesh	  also	  shows	  the	  most	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changes	  in	  the	  strain	  distribution	  at	  the	  end	  of	  excavation,	  Figure	  B.13(b).	  	  The	  deeper	  surface	  is	  critical	  for	  both	  the	  analyses	  employing	  the	  thin	  below	  base	  mesh,	  Figure	  B.12(f),	  although	  the	  position	  of	  this	  surface	  has	  changed,	  Figure	  B.11.	  The	  changes	  caused	  by	  the	  smaller	  height	  and	  a	  greater	  number	  of	  excavation	  layers	  are	  small	  and	   give	   time,	   displacement	   and	   strain	   responses	   within	   the	   results	   shown	   for	   all	   of	   the	   six	  meshes	  in	  Section	  0.	  	  The	  depth	  of	  the	  layer	  is	  controlled	  by	  the	  design	  of	  the	  meshes	  to	  either	  replicate	   excavation	  method	  or	   for	   convenience.	   	   The	   analysis	   results	   are	   slightly	   sensitive	   to	  the	  excavation	  layer	  depth,	  so	  it	  is	  advisable	  that	  the	  excavation	  is	  modelled	  appropriately.	  	  The	  analyses	   presented	   in	   this	   section	   as	   well	   as	   the	   two	   previous	   sections	   demonstrate	   the	  variability	   of	   time	   to	   failure,	   the	   sensitivity	   to	  mesh	   discretisation	   and	   excavation	   procedure	  when	  modelling	  excavation	  of	  a	  stiff	  clay	  slope.	   	  To	  provide	  suitable	  results	  for	  the	  parametric	  pile	   analyses	   the	   simplest	   solution	   is	   to	   employ	   the	   same	   mesh	   and	   excavation	   procedure	  throughout.	   	   Analyses	   will	   then	   be	   comparable	   to	   each	   other	   and	   provide	   an	   indication	   of	  behaviour	  and	  pile/slope	  interaction,	  although	  not	  necessarily	  an	  accurate	  numerical	  prediction	  of	  the	  time	  to	  failure.	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Figure	   B.10	   The	   influence	   of	   the	   excavation	   layer	   height	   on	   the	   horizontal	   displacement	   of	   the	  midslope	   over	   time	   for	   analyses	   employing	   the	   nonlocal	   G&S	   strain	  
softening	  model	  with	  DL	  =	  1.0m	  and	  RI	  =	  3.0m.	  For	  three	  meshes	  with	  0.6m	  wide	  (thin)	  elements	  below	  the	  excavated	  slope.	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Time	  since	  excavation	  Linished	  (years)	  
50	  layers,	  0.2m	  height,	  Smallest	  elements	  mesh	   25	  layers,	  0.4m	  height,	  Smallest	  elements	  mesh	  50	  layers,	  0.2m	  height,	  Thin	  below	  slope	  mesh	   25	  layers,	  0.4m	  height,	  Thin	  below	  slope	  mesh	  50	  layers,	  0.2m	  height,	  Short	  with	  thin	  below	  slope	  mesh	   25	  layers,	  0.4m	  height,	  Short	  with	  thin	  below	  slope	  mesh	  
	  	  	  
576	  
	   	  
Figure	  B.11	  Accumulated	  nonlocal	  strain	  distribution	  at	  failure	  for	  nonlocal	  strain	  softening	  analyses	  (DL=2.1m,	  RI=6.3m)	  that	  vary	  the	  height	  of	  the	  excavation	  layers	  





































Accumulated	  	  Nonlocal	  Plastic	  Deviatoric	  Strain	  
(a)	  
25	  excavation	  layers,	  Smallest	  elements	  mesh	  25	  excavation	  layers,	  Thin	  below	  slope	  mesh	  25	  excavation	  layers,	  Short	  with	  thin	  below	  base	  mesh	  50	  excavation	  layers,	  Smallest	  elements	  mesh	  50	  excavation	  layers,	  Thin	  below	  slope	  mesh	  50	  excavation	  layers,	  Short	  with	  thin	  below	  base	  mesh	  
Base	  1	  
	  	  	  1	  	  	  	  	  	  2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  





































Accumulated	  Nonlocal	  Plastic	  Deviatoric	  Strain	  
(b)	  
25	  excavation	  layers,	  Smallest	  elements	  mesh	  25	  excavation	  layers,	  Thin	  below	  slope	  mesh	  25	  excavation	  layers,	  Short	  with	  thin	  below	  slope	  50	  excavation	  layers,	  Smallest	  elements	  mesh	  50	  excavation	  layers,	  Thin	  below	  slope	  mesh	  50	  excavation	  layers,	  Short	  with	  thin	  below	  base	  mesh	  
Midslope	  2	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Figure	  B.12	  Accumulated	  local	  strain	  contours	  at	  failure	  showing	  the	  concentrations	  of	  strain	  for	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  (DL	  =	  1m,	  
RI	  =	  3m).	  	  Three	  meshes	  with	  varied	  height	  and	  number	  of	  excavation	  layers	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Figure	  B.13	  Accumulated	  local	  strain	  contours	  after	  excavation	  showing	  the	  concentrations	  of	  strain	  for	  analyses	  employing	  the	  nonlocal	  G&S	  strain	  softening	  model	  (DL	  
=	  1m,	  RI	  =	  3m).	  	  Three	  meshes	  with	  varied	  height	  and	  number	  of	  excavation	  layers	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B.4. Summary	  	  Slope	   stability	   analyses	   have	   some	   sensitivity	   to	   the	   design	   of	   the	   mesh	   and	   the	   excavation	  procedure.	   	  Six	  meshes	  with	  the	  same	  layout	  but	  varied	  element	  discretisation	  were	  employed	  in	  this	  investigation.	  The	  slope	  produces	  a	  strain	  distribution	  with	  two	  potential	  slip	  surfaces	  for	  an	  analysis	  employing	  the	  nonlocal	  G&S	  method	  with	  a	  DL	  of	  1m	  and	  RI	  of	  3m.	  	  These	  were	  the	  values	   found	   to	   be	   appropriate	   for	   the	   required	   softening	   rate.	   	   One	   of	   the	   two	  potential	   slip	  surfaces	  became	   the	   failure	   surface,	  depending	  on	   the	  element	  discretisation	  of	   the	  mesh	  and	  the	   height	   of	   the	   excavation	   layer.	   	   The	   different	   developments	   of	   the	   slip	   surfaces	   caused	   a	  variation	  in	  time	  to	  slope	  failure.	  	  	  When	   the	   width	   of	   the	   excavation	   was	   increased,	   there	   was	   a	   wider	   variation	   in	   the	   strain	  distribution,	  but	  a	  reduction	   in	   the	  range	  of	   time	   to	   failure	  values.	   	  This	   increase	   in	   the	  width	  required	   a	  mesh	  with	   an	   increased	  number	   of	   elements	   and	   therefore	   a	   large	   increase	   in	   the	  numerical	   cost	   of	   the	   analysis.	   	   It	   took	   around	   60%	   longer	   for	   an	   analysis	   employing	   a	   32m	  width	  base	  compared	  to	  a	  16m	  width	  base	  when	  the	  increase	  in	  the	  number	  of	  elements	  had	  a	  mean	  of	  40%.	  	  The	  change	  in	  excavation	  layer	  thickness	  was	  found	  to	  have	  a	  small	  influence	  on	  the	   results.	   	   The	   variation	   in	   time	   to	   failure	   and	   slip	   surface	   development	   was	   within	   the	  deviation	  for	  the	  various	  mesh	  discretisations	  for	  this	  layout,	  presented	  in	  Section	  6.3.	  The	  most	  suitable	  mesh	  of	  the	  multiple	  pile	   layout	  is	  the	  thin	  below	  base	  discretisation	  with	  a	  16m	  width	   excavation	   base.	   	   This	  mesh	   offers	   a	   shorter	   time	   to	   failure,	   fewer	   elements	   than	  other	   meshes	   but	   with	   appropriate	   element	   sizes	   for	   the	   DL	   and	   it	   was	   less	   affected	   by	   the	  change	  in	  the	  width	  of	  the	  base	  of	  the	  excavation.	  
	  
	  	  
